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Executive summary 
Scale build-up in slurry vessels in mineral processing costs the industry millions of dollars in 
the form of increased capital expenditure, reduced capacity, and production loss during the de-
scaling operations. Majority of the available literature on descaling is focusing on the 
applications of antiscalants in the removal of scale. Very few studies have been devoted to 
preventing scale formation through optimal design and operation of stirred vessels mostly due 
to the lack of information on scale formation in various regions of the tank.  
A qualitative and quantitative investigation on the formation of scale in mixing tanks was 
carried out in this work. A purpose-built tank that could be disassembled into nine segments 
(including a base, four walls, and four baffles, or four blanking pieces) was fabricated to 
facilitate the scale thickness measurement in various sections of the tank wall including the 
critical regions such as the impeller zone. A chemical reaction system involving calcium 
hydroxide, sodium carbonate and magnesium chloride reacting at 80°C was employed to form 
the scales on the tank wall. Experiments were carried out using an A310 impeller at different 
impeller speeds and reaction times under baffled and unbaffled conditions. The scale grown on 
the tank wall was physically scanned using a Coordinate Measuring Machine (CMM) for 
measuring the scale thickness at several locations. The CMM readings were then used to plot 
3-D graphs of scale thickness distribution on the tank walls. 
It was noticed that the overall mass of scale decreases with an increase in the impeller speed. 
At the same time, the average scale thickness near the liquid surface at the higher impeller 
speed increases, implying that the scale build-up near the liquid surface becomes denser as the 
impeller speed increases. Running the experiments for a longer time leads to the accumulation 
of a larger amount of scale on the wall-segments. 
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Under both baffled and unbaffled conditions, the bottom region of the reactor was almost free 
of scale while the top region had a  quite noticeable amount of scale. The results also suggested 
that, for a similar impeller speed, removal of baffles can lead to a significant reduction in scale 
thickness on the walls of the mixing tank. Overall, the present work established that the 
approach used in this work could be successfully applied to quantify the scale thickness 
distribution in mixing tanks. Besides, the results indicated that the scale formation and growth 
in stirred reactors could be influenced by modifying the liquid flow patterns within the vessel 
appropriately. 
The scale thickness values measured indicated that scale growth occurs mainly in regions above 
the impeller zone, closer to the liquid surface. It was also noticed that the scale grown on the 
walls were uneven and asymmetric. To obtain further insight, CFD modelling was carried out 
to determine the transient and average liquid flow fields in the vessel. The pattern of scale 
deposition could then be interpreted in terms of the prevailing liquid flow pattern. The scale 
formation was found to occur at the highest rate on the wall sections where the near-wall liquid 
velocities are the least. The scale build-up was more prominent in the top left-hand corner of 
each wall-segment on the downstream side of the baffle. This region corresponds to a zone of 
weak liquid flow, according to the CFD model, where weak vortices form, thereby providing 
a better environment for the scale growth. CFD simulations also indicated that the significant 
reduction in scale growth in the unbaffled tank could be attributed to the increased liquid flow 
velocity near the wall due to the removal of baffles. 
The scale growth and measurement approaches adopted in this work were also extended to 
investigate the scaling problem in neutralisation tanks employed in a mineral processing site in 
Australia. Test samples of the overflow liquor and the limestone supplied by the industry were 
used in the laboratory tests to grow the scale. The tests indicated that an impeller generating 
swirl flow leads to thinner scale compared to A310 impeller. The swirl-flow generating 
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impeller was employed in a full-scale neutralisation reactor for mixing. After a few months of 
operation, the amount of scale formed in the reactor was found to be significantly lower 
compared to that obtained using a conventional impeller. This finding validates the scale 
growth and measurement approach proposed in this work as an efficient and reliable approach 
to study scale growth occurring in reactors used in process industries, including the mineral 
processing industry.
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1 Introduction 
1.1 Background 
Mechanically agitated tanks are commonly used to extract metals from ores in the modern 
mineral processing industry. Typically, a large volume of ore particles-in-chemical solution 
slurry is treated in large-scale mixing tanks in a mineral processing plant for leaching, 
digestion, precipitation, and other chemical processing to obtain pure metals or concentrated 
ores (Wu et al., 2011). The slurry tanks used for minerals processing are typically large in 
dimensions. It is not uncommon to find tanks of 20-30 m in height and 10–15 m in diameter 
being used for slurry processing. These tanks are mostly arranged in parallel or series for 
continuous chemical reactions. As such, these vessels can deliver many million tons of refined 
metal products per year. 
One of the significant problems associated with the operation of mixing tanks in the mineral 
processing industry is scaling. The scale can be referred to as undesirable hard, adherent deposit 
that precipitates from solution and grows on the surface. Increased capital expenditure, reduced 
capacity, and production loss during the de-scaling operations are a few of the ongoing issues 
caused by scale formation in the mineral processing industry (Wu et al., 2012b). Substantial 
economic impacts of scaling in the industry have encouraged engineers and researchers to look 
for scale inhibition solutions. 
Much of the available literature on scale prevention/mitigation focuses on the use of chemical 
antiscalants, whereas investigations into scale prevention using an optimum tank design are 
limited. The limitation is mainly due to the lack of quantitative information on the growth 
behaviour of scale on the tank wall under various hydrodynamic conditions. 
Several studies indicate that the flow rate of the liquid has a significant influence on scale 
prevention in pipelines (Kirboga and Oner, 2013; Sugih et al., 2014). However, the role of fluid 
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dynamics in scale prevention in mechanically agitated tanks has received little attention. 
Identifying an optimum mixing vessel design and operation that leads to the mitigation of scale 
formation can be invaluable for the industry as it provides a reliable anti-scaling solution 
regardless of the materials processed in the vessel. A major obstacle in developing an optimum 
mixing vessel design is a lack of quantitative techniques that can be used to analyse the scaling 
behaviour in different designs. This challenge can be overcome by developing a method to 
quantify the scale thickness distribution on the surface of the reactor wall.  
A common approach used in quantifying the scale thickness involves the installation of a 
coupon on the inner wall of the vessel and measuring its weight before and after scale 
deposition (Al Nasser and Al Salhi, 2013; Muryanto et al., 2014; Muryanto et al., 2012; 
Usmany et al., 2016). The drawback of this technique is that the coupon can interfere with the 
fluid flow near the vessel wall and therefore influence the mass of the scale deposited on its 
surface. As a result, the data obtained using this method are subject to errors and uncertainties. 
Thus, the inner vessel wall, where scales grow, needs to be free of any flow barriers. 
1.2 Research questions 
Based on the gaps in the literature on scale growth in mixing tanks, the following research 
questions were developed for this work: 
• What is the best way to accelerate the process of scale formation and growth on the 
inner wall of a mixing tank? 
• What is the best way to provide unrestricted access to the scale formed? 
• What is the best way to quantify scale thickness? 
• What are the effects of operating parameters like impeller speed and type, and reaction 
time on the scale thickness and distribution? 
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• What are the effects of the baffling configuration on the scale thickness and 
distribution? 
• How would the proposed method benefit industrial operations? 
1.3 Objectives 
To address the above  research questions, the following objectives are proposed for this work: 
• To identify a reliable method to accelerate the process of scale formation and growth 
in a mixing tank. 
• To propose a reliable approach to quantify the scale thickness distribution in a mixing 
tank. 
• To compare the scale thickness distribution results obtained for different impeller and 
tank designs, and tank operating conditions. 
• To explain the patterns observed in experimental scale distribution results under 
different experimental conditions using computational fluid dynamics (CFD) 
simulation results. 
• To validate the laboratory-scale results with those obtained from a full-scale industrial 
operation. 
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1.4 Structure of the thesis 
The thesis is organised as follows: 
Chapter 2: Literature Review 
This chapter explores the history of scaling problem in various industries. It also discusses the 
challenges and limitations in growing, studying, and quantifying scales in mixing tanks in 
laboratories. Also, the significant factors affecting the rate of scale growth on the inner walls 
of process equipment are investigated. 
Chapter 3: Experimental 
This chapter describes a novel approach to quantify scale thickness distribution on the walls of 
a mixing tank. The equipment, materials, and methodology used to grow, study and quantify 
scale are explained in detail. 
Scale formation on the surface of impellers is also a critical problem for the mineral processing 
industry. This topic, however, was not studied in the current work mostly due to the difficulties 
involved in determining the profile and thickness of scale formed on agitators. Measuring the 
scale thickness and its distribution on agitators is a challenging and time-consuming task due 
to the complex geometry of agitators. On the other hand, it is relatively easier to determine the 
thickness distribution of scale formed on the tank wall due to its simple curved surface. 
Therefore, the current work focuses on the quantification of scale formed only on the surface 
of the reactor wall.  
Chapter 4: Results and discussion  
This chapter provides qualitative and quantitative information on the scale thickness and 
distribution on the inner wall of a mixing tank under several operating and geometric 
conditions. The quantitative values are used to study the effects of impeller speed and 
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experimental duration on the scale thickness and distribution. The results are also used to 
compare the performances of different impellers and baffling configurations in mitigating scale 
formation and growth. Moreover, computational fluid dynamic (CFD) simulations of fluid flow 
in the mixing vessel are used to explain the patterns of scale growth on the inner wall of the 
mixing tank under the various operating and tank geometric conditions.   
Chapter 5: Industrial implications 
This chapter explains how the methodology developed in this research was successfully 
employed to investigate the scaling problem in a full-scale industrial vessel used in a mineral 
processing plant in Australia. 
Chapter 6: Conclusions and recommendations 
This chapter presents the main findings of this work and offers recommendations for future 
studies. 
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2 Literature Review 
2.1 Scale 
The scale can be defined as an undesirable hard, adherent deposit that precipitates from solution 
and grows on the surface. Water contains several dissolved species that under specific 
conditions can react to form a precipitate. During the scaling process, some materials, which 
are dissolved in the liquids, are deposited on the surface of the equipment such as impellers, 
mixing tanks, and pipes.  
Crystallization, distillation, evaporation, mixing, cooling, or heating of liquids are some of the 
industrial operations that can cause scaling (Hoang, 2015). Depending on the operating 
conditions and nature of the fluid, the scale formed can exhibit different mechanical 
characteristics (Hasson, 1981).  
As the process responsible for the scale formation continues, the formed layer of scale can 
either disappear in the later stages or expand slowly and become larger/thicker. Thus, the scale 
formed on the surface of the equipment can be either temporary or permanent. The permanent 
scale is a major industrial problem.  
Few examples of the industrial problems are lower thermal efficiency of heat exchangers, 
induced under-deposit corrosion, higher pressure drop and upstream pressure in piping, flow 
oscillations, cavitation, and flow blockage. Scales can also contaminate the surrounding 
environment (e.g., drinking water inside the pipelines). 
2.2 The significance of scale and affected industries 
Scaling is a serious issue for the industry, in particular for the mineral processing industry. 
Increased capital expenditure, reduced capacity, and production loss during the de-scaling 
operations are few of the ongoing issues caused by scale formation in the mineral processing 
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industry. Due to these reasons, scaling leads to significant revenue loss to the industry by 
decreasing the process performance and increasing equipment downtime needed for cleaning 
scaled components.  
In addition to its economic impacts, scaling is also a significant health and safety hazard. Figure 
2.1 shows an example of the scale grown on the walls of a neutralisation tank in a mineral 
processing plant in Australia. The scale grown, estimated to be 200 mm thick, poses a safety 
risk to the personnel and damage risk to many components in the tank during the maintenance 
operation. 
    
Figure 2.1 Example of scale formation in a mineral processing plant (a) Neutralisation tank, 
(b) Scale grown on its walls. 
In other industries, the scale formation can lead to a reduction in fluid flow and heat transfer, 
and additional maintenance or even breakdown of equipment resulting in increased operational 
costs (Amjad and Koutsoukos, 2014). Examples of processes or equipment that were affected 
by scaling include membrane-based desalination process (He et al., 2016), thermal desalination 
(Fellows and Al-Hamzah, 2015), cooling water systems (Rahmani et al., 2016), alkaline spent 
pulping liquor evaporators (Area and Felissia, 2015), geothermal systems (Gallup and von 
Hirtz, 2015), oil industry (Zhang et al., 2015), power industry (Panigrahi and 
Ganapathysubramanian, 2015), dairy processes (Tuoc, 2015), and tungsten hydrometallurgical 
process (Singh Gaur, 2015). Scaling is regarded as the major unresolved problem in heat 
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transfer (TEMA, 1999). It has been estimated that it costs coolant industry 0.5 billion US 
dollars per year in the United Kingdom to tackle the formation of scale (Tai-qui and Cheng-
can, 1999). It is also believed that the costs associated with removing scales from a 200-million-
dollar dairy processing plant can reach up to 33 million US dollars (Tuoc, 2015). 
Table 2.1 summarises the most commonly encountered scales and deposits in various 
industries.
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Table 2.1 List of scale and deposits in various industries 
Scale type Specification Chemical 
Formula 
Relevant industries Reference 
Calcium-
based 
Calcium 
Carbonate 
CaCO3 Tanks, pipelines, cooling 
systems, heaters, heat 
exchangers, desalination, 
mineral processing, 
wastewater management 
(Cifuentes-Araya et al., 2014; Cremaschi and Wu, 
2015; Ghafour, 2003; He et al., 1999; Hu et al., 2015; 
Kelland, 2011; Krömer et al., 2015; López and Morguí, 
1992; Makris et al., 2014; McCafferty et al., 2000; 
Musvoto et al., 2000; Parsons et al., 2001; Verraest et 
al., 1996; Wada et al., 2001) 
Calcium 
hydroxide 
Ca(OH)2 Steam generators (Cowan and Weintritt, 1976) 
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Calcium 
Sulphate 
CaSO4 Tanks, pipelines, cooling 
systems, heaters, heat 
exchangers 
(Amjad, 2013; Atamanenko et al., 2002; García et al., 
2005; Kelland, 2011; Liu and Mi, 2014; Muryanto et 
al., 2013) 
Calcium 
phosphate 
Ca3(PO4)2 Cooling systems, 
wastewater treatment 
(Strauss and Puckorius, 1984) 
Magnesium-
based 
Magnesium 
phosphates 
Mg3(PO4)2 Boiler feedwater heaters, 
cooling systems,  
wastewater treatment 
(Musvoto et al., 2000) 
Magnesium 
silicate 
HMgO3Si Cooling systems (Strauss and Puckorius, 1984) 
Magnesium 
Hydroxide 
(Brucite) 
Mg(OH)2 Cation exchange 
membranes, RO membranes, 
thermal desalination plants, 
seawater evaporators. 
(Andrews et al., 2008; Cifuentes-Araya et al., 2014; 
Glade and Ulrich, 2003; Patel and Finan, 1999) 
Struvite MgNH4PO4.6H2O Water treatment (Doyle and Parsons, 2002; Muster et al., 2013; Musvoto 
et al., 2000; Parsons et al., 2001) 
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Barium 
Sulphate 
(Barite) BaSO4 Cooling systems, water 
heaters, RO membranes 
(Boerlage et al., 2002; Ghafour, 2003; Jones et al., 
2008) 
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2.3 Antiscalant 
Substantial economic impacts of scaling in process industry force engineers and researchers to 
look for suitable and effective scale inhibition solutions. The use of antiscalants is the most 
common approach to prevent scale formation (Al-Roomi and Hussain, 2016; Amjad, 1990; 
Amjad and Hooley, 1986; Garcia et al., 2001; He et al., 1999; Hoang, 2015; Jones et al., 2003; 
Klepetsanis and Koutsoukos, 1998; Liu and Nancollas, 1973; Liu and Nancollas, 1975). 
However, these chemical-based solutions for the scaling problem have several drawbacks. The 
extent of scale suppression provided by a specific antiscalant depends on several parameters. 
The uncertainty in selecting an antiscalant for a particular application is due to poor 
understanding of the fundamentals of the inhibition mechanism. Also, the literature available 
on scale inhibition provides limited information on the expected performance of a specific 
antiscalant for a given scaling situation. As a result, the selection and use of antiscalants rely 
heavily on empiricism (Al-Roomi and Hussain, 2016). 
It has been observed that feed treatment in desalination industry usually has negative impacts 
on the effectiveness of the antiscalants and often results in the loss of scale inhibition control 
(Gabelich et al., 2005; Gabelich et al., 2006; Shih et al., 2006). Several studies have also found 
that the antiscalants designed to control scaling are ineffective for suppressing precipitation 
(Amjad and Koutsoukos, 2014; Gabelich et al., 2005).  
Chemical-based approaches to deal with the scaling problem such as antiscalants offer only 
short-term solutions designed specifically for a particular application. Regardless of the degree 
of effectiveness, they cannot be used to tackle the scaling problem universally. Thus, it is 
essential to identify a reliable design or fluid mechanics-based approach, which can be 
implemented independent of the chemical system involved, to prevent/mitigate scale 
formation. 
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2.4 Parameters affecting the scale formation 
The scale formation can be influenced by several parameters like temperature, flow velocity, 
the presence of nucleation sites, the presence of impurities, pH, and changes in pressure 
(Cowan and Weintritt, 1976). However, this section reviews the literature available only on the 
factors that are mostly related to stirred vessels such as liquid flow velocity, temperature, 
impurities, and baffling mode.   
2.4.1 Effect of flow velocity 
It is well established that the scale growth in process equipment is affected by several factors, 
including solution supersaturation, phase transformation phenomena, and contact times 
(Nawrath et al., 2006). These parameters, in turn, are governed by the fluid flow through its 
influence on heat and mass transfer (Wu et al., 2012b). Therefore, it can be concluded that fluid 
velocity plays an essential role in influencing the rate and distribution of scale formation in 
stirred vessels.  
The velocity of the fluid is one of the major factors that dictate the rate of scale deposition and 
growth. The role of flow velocity on scale thickness and deposition rate has been a topic of 
interest in several studies (Bansal and Müller-Steinhagen, 1993; Ceylan and Kelbaliyev, 2003; 
Fahiminia et al., 2007; Hasson et al., 1968; Hoang, 2015; Karabelas, 2002; Lee et al., 1999; 
Thonon et al., 1999; Walker and Sheikholeslami, 2003; Watkinson and Martinez, 1975). It has 
been reported that an increase in flow velocity leads to a decrease in scale thickness if the flow 
is fully turbulent (Ceylan and Kelbaliyev, 2003). Bansal and Müller-Steinhagen (1993) 
reported a significant reduction in the scaling rate of calcium sulphate on heat exchanger plates 
with increasing liquid flow velocity from 25 to 85 cm/s. Thonon et al. (1999) also observed 
that, at liquid velocities higher than 1 m/s, the amount of calcium carbonate scale formed on 
the plates of heat exchangers was small. Lee et al. (1999) reported that the increased wall shear 
17 
 
rate at the higher liquid cross-flow velocities would create an unsuitable environment for 
surface crystallisation. From the literature, it is reasonable to envisage that increasing the 
impeller speed in a mixing vessel can mitigate the deposition and growth of scale on the walls 
as it enhances the near-wall liquid flow velocity. 
2.4.2 Effect of temperature 
It has been reported that high temperature accelerates the reaction rate as it enables the 
molecules to overcome the activation energy (Muryanto et al., 2012). An increase in the 
temperature also results in a higher nucleation rate in the crystallisation process (Rousseau, 
1994), which in turn leads to the formation of more scale. Hoang et al. (2007) observed that 
increasing temperature from 20 to 30 °C in a pipeline tripled the mass of calcium sulphate scale 
deposition. Another rise of temperature to 40 °C resulted in scale mass of 0.1599 kg/m2, which 
was almost eight times greater than that at 20 °C (0.0212 kg/m2). They concluded that high 
temperature accelerates the process of scale growth by reducing the induction time and 
enhancing the scaling rate. One of the common antiscalants to counter calcium sulphate and 
calcium carbonate scale is itaconic acid copolymers (Pons-Jiménez et al., 2015). Shakkthivel 
and Vasudevan (2007) reported that the effectiveness of itaconic acid copolymers to mitigate 
calcium sulphate scale deposition decreased with an increase in the temperature. They 
suggested that increasing the temperature would speed up the breakdown of bicarbonate 
species, which would promote the scale formation as it increases the number of available 
calcium ions. 
2.4.3 Effect of baffling on scaling 
A significant number of mineral processing operations involving solid-liquid systems are 
carried out in mechanically agitated vessels and therefore scaling in these vessels is influenced 
by the flow generated by the agitator. Thus, the proper design and operation of solid-liquid 
stirred vessels are essential in preventing and minimising the scale formation and growth. The 
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removal of baffles in solid-liquid stirred vessels has been shown to reduce the specific power 
consumption to achieve the complete off-bottom solids suspension although it increases the 
liquid mixing time (Wu et al., 2010). However, this is not necessarily a shortcoming because 
the reaction and slurry residence times in many mineral processes are significantly longer than 
the mixing time. For instance, the residence time in a gold leaching process varies from hours 
to several days while the required mixing time is only in the scale of minutes (Marsden and 
House, 2006; Wu et al., 2010). Further, the presence of baffles in stirred vessels has a direct 
and significant influence on the flow velocity near the vessel wall, which can directly influence 
the patterns of scale growth. 
Unbaffled stirred tanks have been a topic of interest in several studies involving experimental 
work (Abatan et al., 2006; Brucato et al., 2017; Brucato et al., 2010; Busciglio et al., 2017; 
Busciglio et al., 2016; Davoody et al., 2016; Galletti and Brunazzi, 2008; Kagoshima and 
Mann, 2006; Lamberto et al., 1999; Pinelli et al., 2001; Rao and Kumar, 2007; Scargiali et al., 
2017; Tamburini et al., 2014; Tamburini et al., 2012; Tezura et al., 2007; Wang et al., 2012; 
Yoshida et al., 2008; Yoshida et al., 2007), and computational fluid dynamics (CFD) studies 
(Alcamo et al., 2005; Cokljat et al., 2006; Derksen, 2004; Derksen, 2006; Deshpande et al., 
2017; Murthy Shekhar and Jayanti, 2002; Sbrizzai et al., 2006; Shan et al., 2008). A number 
of the above studies indicated that unbaffled tanks are more energy-efficient compared to 
baffled tanks for solids suspension (Brucato et al., 2010; Davoody et al., 2016; Tamburini et 
al., 2013). The increased energy efficiency can be mostly attributed to the fact that kinetic 
energy dissipation is lower in unbaffled vessels. However, a significant drawback in unbaffled 
mixing vessels is the generation of a vortex at the free liquid surface due to the absence of 
baffles. The vortex formation is undesirable as it can lead to gas entrainment, especially at high 
impeller speeds. This problem, however, is less significant at full-scale vessels due to the 
relatively lower impeller speeds employed in them. Nonetheless, the scale formation and 
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growth behaviour in unbaffled vessels are not yet well understood, and the literature on this 
topic is still scarce. 
It is commonly accepted that removing baffles in stirred vessels can enhance the near-wall 
liquid flow velocity, which is one of the critical factors in the prevention of scale formation. 
To the authors’ best knowledge, there is no quantitative work that studies the patterns of scale 
growth on the walls of unbaffled stirred tanks. The gap is mainly due to the absence of reliable 
techniques for studying the scale formation quantitatively. As such, there is a lack of reliable 
information in the literature that shows how baffles can influence the rate and distribution of 
scale growth in stirred tanks. 
2.5 Scale quantification 
Studies on scale quantification are rare in the literature due to the difficulties in measuring scale 
thickness in stirred vessels. Figure 2.2 provides a comparison of the scale thickness distribution 
in a pipeline with that in a mixing tank used in the mineral processing industry. 
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(a) 
 
(b) 
Figure 2.2 Profile of scale thickness distribution in an (a) pipeline (b) mixing tank 
A cross-sectional view of two scaled pipes shown in Figure 2.2a indicates that the scale 
distribution is uniform in the pipe, and a single measurement/reading can provide the extent of 
scaling with acceptable accuracy. 
In contrast, the presence of a rotating impeller at the bottom half of the mixing vessel creates 
different liquid flow patterns and velocity profiles throughout the tank (Wu et al., 2012b). 
These variations lead to varying degrees of scaling on the inner wall of the tank, with areas 
closer to the impeller zone expected to be more hostile/resilient towards scaling.  As such, 
quantifying scale thickness in stirred vessels has been challenging. Many previous studies on 
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scaling in mixing vessels either used coupons installed on the vessel wall or weighed the overall 
mass of grown scale to quantify the scale. These two methods are discussed in the following 
sections. 
2.5.1 Coupons 
Coupons have been commonly used to study corrosion (Chang et al., 2019; Chen and Zhang, 
2019; Coelho et al., 2019; Dou et al., 2019; Henderson et al., 2019; Liu et al., 2019; Rasheed 
et al., 2019), surface coatings to mitigate corrosion (Arun et al., 2019; Fähsing et al., 2018; 
Grégoire et al., 2019; Pougoum et al., 2019), fouling in the RO and FO membranes (Gwak and 
Hong, 2017; Mitrouli et al., 2016; Thompson et al., 2017; Wang et al., 2017; Xie and Gray, 
2016), and scaling in pipelines (Hoang et al., 2007). 
Mundhenk et al. (2013) used coupons to study the corrosion of different metals under scaling 
conditions in a geothermal power plant. To study scale corrosion of pipes in drinking water 
distribution systems, Li et al. (2015) fabricated cast iron coupons and placed them inside 
experimental glass bottles.  
Coupons are flexible options for studying the above-mentioned parameters. They can be placed 
inside the apparatus before the experiments and removed for the analysis at the end of the runs. 
This flexibility has made coupons a popular option for studying corrosion and scale in various 
applications.  
The coupons, however, have been less prevalent for studying corrosion or scaling in stirred 
vessels. The coupon can become a barrier to fluid flow and influence the mass of the scale 
deposited on its surface. As a result, the data obtained using this technique are subject to errors 
and uncertainties. Therefore, the inner wall of the vessel, where scales grow, needs to be free 
of any flow barriers.  
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Also, the thickness of the coupon can technically increase the wall thickness. As a result, the 
scale formed on the surface of the coupon would be linked to a radius closer to the centre of 
the shaft  compared to the wall surface. Nonetheless, the fact that the coupon could be easily 
uninstalled and the scale grown on its surface could be measured outside the tank usually 
provide an excellent opportunity for studying the scale growth.  
2.5.2 Weighing 
Weighing the amount of scale formed on the walls of slurry processing vessels has been a 
common approach in many studies. The total weight of the scale was used to compare the 
influence of various operating conditions. However, this technique was not preferred in the 
present work because: 
1. Weighing is a conventional technique, and there is no novelty in the technique 
2. The weight of scale obtained will be an overall result. It would not provide any 
information on the location of scale formation and the scale thickness variation as a 
function of location. 
3. Removing the scale from the tank wall and determining its weight is a delicate task, 
and it could easily lead to erroneous results. 
2.6 Microinstabilities 
The rate of growth of scale is expected to be influenced by several factors, including the type 
of surface, process chemistry (e.g., the level of supersaturation and temperature), and prevailing 
fluid flow conditions. Wu et al., (Wu et al., 2012a) discussed the mechanisms by which 
hydrodynamic conditions may influence the growth rate of scale, in which the controlling 
factor is the near-wall liquid velocity. For the condition of zero fluid velocity, the scale growth 
rate will be very low, as it will be limited by the molecular diffusion. However, with increasing 
fluid velocity, there will be an initial increase in the scale growth rate due to convective mass 
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transfer of molecules to the surface. The scaling rate may progressively increase with further 
increases in fluid velocity. If the system becomes limited by chemical reaction kinetics, the 
growth rate becomes independent of fluid velocity. However, competing processes that may 
occur in parallel tend to limit the extent of scale formation. In the case of a mineral slurry in 
mixing tanks, where there is a significant concentration of particles in suspension, the scale 
formed on the tank wall may be eroded by particle collisions. Such erosion acts as a competing 
process, and it increases with increasing fluid velocity due to higher particle kinetic energy. 
So, the growth rate of scale as a function of liquid velocity will pass through a maximum, and 
at sufficiently high velocities, it will return to zero. An alternative mechanism may also be 
present in cases where scale grows by accretion of particles from the slurry, where higher fluid 
velocity inhibits particle deposition due to increased drag and lift forces.  
Hence, it may be expected that scale growth will, in general, occur preferentially in regions of 
lower near-wall fluid velocity (provided the velocities are not so low as to limit mass transfer), 
whereas scale growth may be inhibited in regions of higher velocity. Thus, the pattern of scale 
deposition observed in the stirred vessel may be related to the prevailing flow pattern.  
2.7 Conclusion 
Scaling is a significant problem in the mineral processing industry. A review of the available 
literature reveals the majority of the published work on scale inhibition is mostly focusing on 
the applications of various antiscalant chemicals to remove the scale grown on the surface of 
the slurry processing equipment. The studies cited in this chapter indicate that there is a higher 
degree of uncertainties about the efficiency of antiscalants in preventing scale formation.  
Depending on the nature of the scale compositions, different antiscalants are required. 
Therefore, the selection of suitable antiscalants adds to the complexity of using these chemical-
based solutions to tackle the scaling problem. Thus, identifying a mechanical approach, which 
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can be employed independent of the scale type, to mitigate/prevent scale formation, can be 
invaluable for the industries affected. 
Flow velocity plays a significant role in the formation of scale on the surface of slurry 
processing equipment. There is extensive research available on the role of this parameter on 
scale formation in pipelines. The mechanism of scale formation in the mixing tanks, however, 
has received much less attention. The main obstacle in studying the scale growth on the surface 
of the inner walls of mixing tanks is access restrictions. The presence of an impeller and shaft 
at the centre of the setup creates numerous challenges in analysing the scale grown on the inner 
walls of the vessel. Thus, to solve this problem, it is necessary to come up with a novel approach 
that provides unrestricted access to the scale formed inside the tank. 
The works available in the literature also suggest that there is an absence of a reliable technique 
to quantify the scale formation. Installing coupons and weighing the scale grown on the mixing 
tank inner wall has been a common approach to quantify the scale formation. These results, 
however, are universal and provide little information on hot spots where the scale growth is 
prominent. Also, the coupon can act as a barrier for the liquid flow, thereby potentially affecting 
the integrity of the results due to modified fluid flow patterns. Therefore, it is essential to find 
an approach to measure the thickness of the scale throughout the tank wall without changing 
the liquid flow patterns inside the vessel. 
Overall, the available literature indicates that there is a significant lack of information on 
growing and quantifying scales in mixing tanks. The role of critical parameters such as flow 
velocity and baffling modes on the rate of scale formation has not been adequately studied yet. 
The lack of information on the scale formation and growth thus warrants further investigations.    
Thus, the discussion above indicates that identifying an optimum design that mitigates scaling 
thickness in mixing tanks can be invaluable for the industry. The present work aims at 
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simulating the scaling issue in laboratory-scale equipment and tries to find a reliable approach 
to quantify scale thickness in widely-used industrial mixing vessels. The quantitative analysis 
of scale distribution on the surface of mixing tanks can be hugely beneficial in recognising a 
suitable design that prevents/mitigates scale growth. 
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3 Methodology 
3.1 Introduction 
There are two major challenges in studying the scaling behaviour in mixing tanks: 1) growing 
durable scales in a short period, and 2) measuring the thickness of scale formed on the inner 
wall of the tank. In mixing vessels used in the mineral processing industry, the scale is built-
up over an extended period. Therefore, identifying an accelerated process that leads to the 
formation of scale in a short period is essential for investigating the scaling behaviour in 
laboratory studies. It is also crucial to determine the distribution of scale at various heights and 
radial locations on the inner wall of the tank to obtain a clear understanding of scale behaviour. 
3.2 Experimental rig 
As mentioned earlier, it is necessary to have unrestricted access to the tank’s inner wall to 
obtain a clear picture of scale growth and distribution. Therefore, a stainless-steel (316 SS) 
reactor with a diameter (T) of 100 mm was designed and fabricated in a way that it could be 
disassembled into nine separate pieces consisting of a base, four walls, and four stainless-steel 
gap fillers with a width of 35 mm each. These fillers served as baffles with a width (W) of 0.1T 
when the tank is assembled in a baffled configuration. Another set of four stainless-steel gap 
fillers with a width of 25 mm was used to construct the tank with an unbaffled configuration. 
Figure 3.1 shows the schematic drawings of the mixing tank. Figure 3.2 (a) shows the 
individual pieces used in the tank construction, Figure 3.2b shows the reactor assembled as a 
baffled tank, and Figure 3.2c shows the reactor assembled as an unbaffled tank. The tank has 
been engineered to be leak-proof as it was essential to ensure the solution inside the tank would 
not leak into the water bath surrounding the tank during experiments conducted at high 
temperature using high impeller speeds. An O-ring and a gasket were used to make sure there 
was no gap between the base and bottom of walls and baffles. 
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Figure 3.1 Schematic drawings of the mixing tank (baffled mode) used for scale studies:  
W1-4: Walls, B1-4: Baffles, and Base: Tank Bottom 
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Figure 3.2 The stainless-steel tank fabricated for scale growth studies: (a) individual pieces 
used in the tank assembly, (b) assembled baffled tank, (c) assembled unbaffled tank 
The impeller used was a Lightnin A310 impeller with a diameter (D) of 0.6T attached to a shaft 
that was located at the vertical axis of the tank and driven by an electric motor. The liquid 
height (H) was set at 1.6T in all experiments. The impeller clearance (C) from the tank bottom 
was set at 0.3T in all experiments. The diameter of the impeller (= 0.6T) is larger than the 
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recommended diameter of 0.5T. The reason for using a larger diameter impeller than the 
standard size impeller (D = T/3) was the use of a reactor with a unique dismantlable design in 
this work. Furthermore, the thickness distribution of scale formed on the reactor wall was 
measured using the coordinate measuring machine (CMM) for the first time. The above 
approaches prevented the use of a larger tank because there was a limit to the size of the wall-
segment that can be scanned by the CMM. Moreover, impellers with diameters equal to 0.5T 
or smaller than 0.5T that are suitable to the dismantlable reactor could not be acquired 
commercially. Therefore, the impeller with a diameter of 0.6T, which was readily available in 
the laboratory, was used in all experiments. 
Lightnin A310 impeller is an axial-flow impeller used widely in the mineral processing 
industry for achieving off-bottom solids suspension. Also, it is the impeller of choice in many 
mineral processing unit operations such as precipitation and neutralisation, which involve high 
maintenance costs associated with scale removal. Therefore, A310 was chosen in this study to 
simulate the agitation occurring in full-scale operations. Table 1 lists the impeller speeds, the 
corresponding impeller tip speeds and Reynolds numbers used in this work. 
Table 3.1 Impeller speeds used in this work 
Impeller speed (rpm) Impeller tip speed (m/s) 
𝑵𝒕𝒊𝒑 = 𝝅𝑫𝑵 
Reynolds number  
Re imp = 
𝝆𝑵𝑫
𝝁
 
400 1.26 15186 
430 1.35 16325 
460 1.44 17464 
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In the equations shown in Table 3.1, Ntip is the impeller tip speed (m/s), D is the impeller 
diameter (m), N is the impeller speed (rpm), ρ is the liquid density (kg/m3), and μ is the liquid 
viscosity (Pa.s). 
All scale formation tests were conducted at 80°C to accelerate the process of scale growth on 
the inner wall of the tank. The tank was placed in a water bath operating at 80°C during scale 
growth tests. Stainless steel was chosen as the material of construction for the reactor used in 
this work because it provides better heat transfer between the reactor contents and the water 
bath compared to perspex, which is one of the common materials used for laboratory-reactor 
construction. The setup used in the experiment is shown in Figure 3.3. Figure 3.4 and Table 
3.2 provide further details of the mixing vessel. 
 
Figure 3.3 Setup used in scaling experiments 
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Figure 3.4 Schematic details of the experimental setup used in this study 
Table 3.2 Details of the experimental rig 
Symbol Parameter Value Symbol Parameter Value 
HL Liquid height 160 
mm 
T Tank diameter 100 
mm 
HB Water bath liquid 
height 
220 
mm 
W Baffle width 10 mm 
HT Tank height 200 
mm 
C Impeller clearance from the 
tank bottom 
30 mm 
D Impeller diameter 60 mm Number of baffles 4 
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Before the scale growth runs, experiments were conducted with red dye in the tank solution to 
check whether there is any leak of the solution from the mixing tank into the water bath (Figure 
3.5). No leaking was detected even after 30 minutes of stirring at high impeller speeds, which 
confirmed that there was no leak of the tank solution into the water bath. 
 
Figure 3.5 Leaking tests. 
3.3 Growing scale 
Calcium hydroxide (Ca(OH)2) solution with a concentration of 1.6M was used as the starting 
liquid medium in all experiments. The experiment to initiate the formation of the scaling 
involved introducing 500 ml of 2M sodium carbonate (Na2CO3) solution dropwise into the 
Ca(OH)2) solution using a pump under stirred condition. The stoichiometric molar ratio of 
calcium hydroxide and sodium carbonate in the reaction was 1:2  (Kitamura et al., 2002). Tap 
water was used in the preparation of solutions used in the reaction. After allowing 15 seconds 
of mixing, ten grams of magnesium chloride (MgCl2) powder was added gradually to the 
solution in the tank under stirred condition. All runs were carried out continuously for 60 
minutes. During the experiment, the temperature of the reactor liquid was kept constant at about 
80°C by placing the reactor in a water bath that was maintained at a temperature slightly higher 
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than 80°C. All chemicals used in the experiments were supplied by Sigma-Aldrich in the 
powder (fine) form. 
The scale formed on the inner wall of the mixing tank was mainly due to the generation of 
magnesium hydroxide (Mg(OH)2) from the chemical reaction between Ca(OH)2 and MgCl2 in 
the form of a precipitate. The formation and growth of scale were enhanced due to the intimate 
contact between the circulating solution and the hot inner wall of the tank. The hot surface of 
the reactor wall encouraged the precipitation of Mg(OH)2 and thereby accelerated the process 
of scale growth. The model system employed in this work simulates the scaling phenomena 
that occur due to chemical reactions in various processes used in industrial mineral processing 
operations like the Bayer process (Barnes et al., 1999; Brisach et al., 2012) and nickel laterite 
process in stirred autoclaves (Whittington, 2000). 
At the end of each experimental run, the reactor solution was pumped out of the tank, and the 
tank was allowed to dry. The tank was then disassembled for studying the scales on the inner 
wall. A small portion of the scale was removed and analysed using X-ray Diffraction (XRD) 
for phase identification. 
As the main objective of the study was to grow thick and consistent scale, several attempts 
were made to mimic a continuous process. The results tagged as ‘multi-batch’ in the thesis 
were obtained after three consecutive experimental runs. At the end of the first run, which 
usually lasted for 60 minutes, the impeller was stopped, and the reaction mixture was pumped 
out of the tank, but the scales on the inner wall and the residuals at the bottom of the tank were 
not removed. To simulate the operation of a continuous process, another run (second run) was 
commenced by adding fresh reaction mixture to the tank while the scales and residuals from 
the first run were still inside the tank. Similarly, the third run was conducted by adding fresh 
reaction mixture to the tank while scales that were formed during the first and second runs 
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remained in the tank. As a result, the liquid height in the second and third runs increased to 
values higher than that in the first run. For example, the liquid height was 120 mm at the end 
of the first run, and it increased to 165 mm by the end of the third run. The liquid heights 
mentioned in Table 3.2 are for single-batch experiments, whose details will be provided later. 
The residuals at the tank bottom were not removed and allowed to remain after each run mainly 
due to the difficulties involved in removing them because the reactor was located in a water 
bath and there was no outlet available at the tank bottom. Also, the reactor was not moved 
frequently in and out of the water bath because it could disturb the fragile scales attached to 
the reactor wall, thereby leading to their dislodgements. 
3.4 Quantification of scale thickness distribution 
The scales grown on the inner wall were quantified in two steps: 1) binding the scale to the 
reactor wall using a paint coating, and 2) determination of the scale thickness using the 
coordinate measuring machine. 
3.4.1 Coordinate Measuring Machine (CMM) 
A coordinate measuring machine (CMM) is a device for measuring the physical geometric 
characteristics of an object. Measurements are made by a probe attached to a moving axis of 
this machine. CMM has been used in many erosion studies previously (Blunt et al., 2009; 
Graham et al., 2010; Graham et al., 2017; Solnordal et al., 2015; Wang et al., 2015; Wong et 
al., 2015; Wong et al., 2012; Wu et al., 2013). To the authors’ best knowledge, the application 
of CMM in measuring scale thickness in stirred vessels has not been done yet.  
A Sheffield Discovery II CMM (Figure 3.6) with a measurement accuracy of ±1 μm and a 
system accuracy of ±6 μm was used for measuring the scale thickness distribution in this study. 
Before scaling experiments, the surface profile of a clean (unscaled) reactor wall-segment was 
scanned using the CMM, and the scanned readings were recorded as the reference coordinate 
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values and stored. The tank was then assembled and used in the scale growth runs. Once scales 
were formed, the reactor was disassembled, scales were coated with spray paint, and the profile 
of the coated scales on the wall-segment was measured using the CMM. The coordinate values 
of the scaled wall-segment were compared with those for the clean wall-segment to determine 
the scale thickness and distribution. Scale measurements using the CMM were typically carried 
out using only one of the four wall-segments based on the consideration that all wall-segments 
are similar in geometry, and the liquid flow pattern in the cylindrical mixing tank is 
symmetrical. However, to ensure the scale thickness distributions in all four wall-segments are 
similar, the scale thickness distributions for all four wall-segments in a test run were measured 
with the CMM, and the difference between the average scale thickness values was found to be 
within ±5-10%.  
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a 
 
b 
Figure 3.6 (a) Coordinate Measuring Machine (CMM) scanning the surface of a plain wall-
segment, (b) close-up view of the CMM probe and the wall-segment 
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During the CMM scanning, the wall-segment was held by vice on the machine table under the 
scanning probe (Figure 3.7). Figure 3.7a shows the arrangement of the wall-segment on the 
CMM and Figure 3.7b shows a close-up view of the wall-segment and the probe. 
 
 a      b 
Figure 3.7 (a) Wall-segment arrangement on the CMM table (A: CMM controller, B: Vice, 
C: Spray painted wall-segment and D: CMM probe). (b) Close-up view of the setup during 
the scanning operation 
To obtain a detailed scale thickness distribution, the CMM was programmed to obtain readings 
every 1 mm in both the X (70 counts) and Y (180 counts) directions. As a result, 12600  (= 70  
×180) scale thickness reading were obtained by the CMM, thereby giving a matrix of 70 × 180 
scale thickness values. Each scanning run took about 13 hours. The scale thickness readings 
recorded by the CMM were then transferred to MS Excel (2013) spreadsheet. The actual scale 
thickness values were then calculated by subtracting the CMM readings for the clean wall-
segment from the readings for the scaled wall-segment. The absolute scale thickness values 
obtained from the spreadsheet were then used to obtain two-dimensional images of scale 
thickness distribution using ParaView (version 5.3.0) software. 
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3.4.2 Spray paint coating of scale 
The physical analysis of the scales formed on the walls of a mixing tank or any process 
equipment has always been challenging, and therefore, not many reliable methods are available 
to measure the scale thickness distribution. As mentioned previously, CMM has been used 
extensively in many erosion studies previously but has not been used to study the scale 
thickness distribution to the author’s best knowledge. One of the reasons why CMM was not 
used to measure the scale thickness distribution in laboratory studies could be that the scale 
grown on reactor walls is usually fragile and may not always be firm enough to withstand the 
physical touch of the machine’s probe. Therefore, in this work, the scales on the reactor wall-
segment were coated with spray paint and dried overnight before scanning to ensure that the 
scale structure was not damaged during the CMM scans. Using the CMM readings, the 
thickness of the spray paint coating was determined to be in the order of micrometres (µm), 
which is insignificant, considering that the average thickness of the scale formed in this work 
was around 2-3 mm. 
3.4.3 X-Ray diffraction 
As mentioned above, a sample of the scale formed on the reactor wall was analysed using XRD 
for phase identification. The scale sample was ground in a mortar and pestle to break up any 
agglomerates and ensure homogeneity. It was then pressed into a PANalytical sample holder 
for obtaining a flat-cylindrical sample which was subjected to XRD analysis. During the XRD 
measurement, the sample was rotated at 15 rpm to improve particle statistics. X-ray diffraction 
data were collected using 2θ values of 5 - 140°  using a PANalytical MPD instrument fitted 
with a cobalt long-fine-focus X-ray tube operated at 40 kV and 40 mA. The incident beam path 
was defined using 0.04 radian Soller slits and a 0.5° fixed divergence slit. The diffracted beam 
incorporated a graphite monochromator to eliminate unwanted wavelengths and a 4.6 mm anti-
scatter slit. An X’Celerator detector was used in scanning line (1D) mode with an active length 
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of 2.122° 2θ. Data were collected with a step size of 0.033° 2θ (~4-hour scan). Phase 
identification was performed using PANalytical Highscore Plus© software (V4.1) which 
interfaces with the International Centre for Diffraction Data PDF-4+ 2016 database. 
Quantitative phase analysis (QPA) was carried out via the Rietveld method (Hill and Howard 
1, Rietveld 2) using TOPAS V5 3 software. 
40 
 
4 Results and Discussion 
4.1 Introduction 
This chapter presents the experimental results on scale thickness distribution obtained in the 
laboratory tests. One of the main challenges in studying the scale formation in laboratory 
experiments is time restrictions. In industry, the scale is grown over time, and it can take up to 
a few months of operation before a significant amount of scale is deposited on the inner walls 
of the vessels and equipment. Thus, the first stage of the current work was devoted to 
identifying a reliable method to accelerate the process of scale growth so that the scale growth 
tests could be conducted in relatively shorter periods. It was essential to ensure that the grown 
scale shows consistent behaviour under similar experimental conditions. This chapter presents 
the details of the chemical reactions used in the accelerated scale formation.  
In the next stage of the work, experiments were conducted to study and measure scale thickness 
distribution on the inner walls of the tank. Tests were conducted in both single- and multi-batch 
experiments to study the effects of impeller speed, experiment duration, and baffling 
configuration on the scale growth patterns. The thickness of the scale grown on the reactor wall 
was measured using a novel approach involving the CMM. The maps of scale thickness 
distributions were used to compare the effects of different tank configurations and operating 
conditions on scaling. This chapter presents the experimental scale thickness distribution 
results for unbaffled and baffled tanks operated under different impeller speeds and experiment 
durations. 
In the last part of the chapter, the patterns of scale thickness distribution on the inner walls of 
the stirred reactor are explained using the CFD simulation results. CSIRO scientists Dr Graeme 
Lane and Dr Peter Witt are acknowledged for the CFD simulations and their analyses included 
in this chapter.  
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4.2 Preliminary studies on scale formation using a glass tank 
Experiments were conducted in the first stage of the work using glass tanks to understand the 
mechanism of scale growth. The laboratory tests were performed in 2-Liter glass beakers. 
During the tests, several chemical reactions and operating conditions were used in an attempt 
to identify and establish a reliable and optimum method to grow scale at a reasonable duration 
in the laboratory. 
Two 2-Liter glass beakers were used as baffled and unbaffled mixing tanks. For the baffled 
tank, four rectangular perspex strips with equal dimensions were fabricated and used as baffles 
inside the tank. They were glued to the inner wall of the tank at equal distances. Figure 4.1 
shows the schematic diagram of the experimental setup used. Table 4.1 shows the dimensions 
of the tank, impeller and baffles. 
 
Figure 4.1 Schematic diagram of the experimental setup used in the initial stage of the work. 
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Table 4.1 Details of the experimental setup shown in Figure 4.1. 
Symbol Description Unit/specification Symbol Description Unit/specification 
A Shaft - E Liquid height 100 mm 
B Impeller A310 F Impeller 
diameter 
50 mm 
C Tank height 130 mm G Impeller 
clearance 
50 mm 
D Tank 
diameter 
100 mm H Baffle diameter 10 mm 
 
The scale growth experiments in the initial stage of the work were carried out using a reaction 
between sodium carbonate and calcium chloride solution to produce calcium carbonate scale 
on the surface of the tank wall. The reaction was carried out at 400 rpm for 30 minutes at 
ambient temperature. Figure 4.2 shows the profiles of scale formed in unbaffled and baffled 
tanks after 30 minutes of operation. 
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(a) 
 
(b) 
Figure 4.2 Calcium carbonate scale grown on the walls of baffled and unbaffled tanks (a) top 
view (b) side view 
44 
 
The scale distribution patterns found in Figure 4.2 suggest that the scale formed on the walls 
of the baffled tank were denser but distributed unevenly compared to that on the wall of the 
unbaffled tank.  
4.2.1 XRD phase identification 
A sample of the grown scale was subjected to XRD analysis for phase identification. The results 
of the phase identification and Quantities Phase Analysis (QPA) are given in Table 4.2. The 
scale sample was found to contain sodium carbonate (Na2CO3), sodium carbonate hydrate 
(Na2CO3.H2O), calcium carbonate (CaCO3), sodium chloride (NaCl), magnesium hydroxide 
(Mg(OH)2) and calcium hydroxide (Ca(OH)2). These results show weight percentages of the 
above components and do not include any unidentified or amorphous material which may exist 
in the sample. Figure 4.3 shows the output from the Rietveld analysis showing the goodness of 
fit of the model to the observed data. In this figure, the blue line represents the observed data, 
and the red line represents the calculated pattern generated from the crystal structures of the 
constituent phases. The references to the crystal structure models used for the analysis are also 
given in Table 4.2.  
Table 4.2 Results of the QPA 
Sample Na2CO3 Na2CO3.H2O CaCO3 NaCl Mg(OH)2 Ca(OH)2 
Scale 14% 25% 1% 4% 55% 1% 
Reference 
for the 
peak  
(Dusek 
et al., 
2003) 
(El, 1968) (Antao 
and 
Hassan, 
2010) 
(Fossdal 
et al., 
2005) 
(Cerny et 
al., 1995) 
(Harrington, 
1927) 
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Figure 4.3 Output of the Rietveld analysis of the scale sample 
4.3 Multi-batch tests 
4.3.1 Introduction 
The scale grown on the glass beaker inner wall was found to be too thin and inconsistent. To 
accelerate the process of scale growth, it was decided to conduct the scale growth tests at 
temperatures higher than room temperature. For this purpose, a dismantlable stainless steel 
tank was designed and built, as explained in Chapter 3, so that the tank can be placed inside a 
water bath at high temperatures.  
As explained earlier, the experiment to initiate the formation of the scaling involved 
introducing 500 mL of 2M sodium carbonate (Na2CO3) solution dropwise into the Ca(OH)2) 
solution using a pump under stirred condition. After allowing 15 seconds of mixing, ten grams 
of magnesium chloride (MgCl2) powder was added gradually to the solution in the tank under 
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stirred condition. The results obtained using the stainless steel tank at high temperatures are 
presented in the following sections. 
Due to the structural restrictions of the stainless steel tank, it was not possible to conduct a 
continuous operation to grow scale. A laboratory hot-water bath, rather than a heating jacket 
or coil, was used to maintain 80°C inside the reactor during the scale growth experiments. 
Carrying out continuous experiments that require continuous feed and product withdrawal lines 
was challenging in this set-up. Therefore, only batch scale-growth experiments were carried 
out in this work.  To simulate a continuous process, several batch experiments were carried out 
in the reactor without removing the residuals/scale from the previous runs, as explained in 
Section 3.3. It was expected that multiple-batch experiments would lead to the growth of denser 
scale on the inner wall of the tank. The following section presents the results obtained during 
the ‘multi-batch’ tests. 
4.3.2 Experimental results from the stainless steel tank 
Figure 4.4 shows the set-up used in scale growth experiments involving the dismantlable 
stainless steel tank at 80ºC. Figure 4.5 shows the scale growth on the inner wall of the stainless 
steel reactor at the end of the third run. Figure 4.6 shows the profile of scale growth on an 
individual wall-segment of the reactor. The impeller speed, experiment time, and water bath 
temperature used in the experiment were 400 rpm, 60 minutes, and 80ºC, respectively. It can 
be seen from Figure 4.5 that the bottom region of the reactor is almost free of scale, whereas 
the reactor top section has a significant amount of scale. The difference in the scale growth 
pattern between the top and bottom regions can be attributed to the turbulent fluid flow 
generated by the impeller which makes the impeller plane region non-conducive for the 
precipitation and settling of scales on the reactor wall. 
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Figure 4.4 Scale formation experiment carried out at 80ºC using the reactor placed in the hot 
water-bath 
 
Figure 4.5 Scale growth on the walls of the baffled mixing tank 
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Figure 4.6 Scale formation on the surface of an individual wall-segment (N= 400 rpm). 
4.3.3 Scale thickness quantification 
4.3.3.1 Coating 
In this study, a quick-drying acrylic enamel spray paint was used as a binder for the scales 
formed on the reactor wall. The binder used, whose trade name was ‘Squirts,' was flat white 
and it was supplied by White Knight Paints (Australia). The spray paint was used to coat the 
scales on the reactor wall-segment thereby hardening and binding them to the wall. Before 
coating the scales, the sides of the wall-segment, which were used as the reference points for 
the CMM measurements, were covered with painter’s tape. This step was important because 
any paint or scale found on the sides of the wall-segment would lead to incorrect references. 
After covering the wall-segment with the tape, the front side of the wall-segment containing 
scales was uniformly coated by applying the spray paint. The coated wall-segment was then 
allowed to rest for 24 hours to ensure complete drying of the paint. The painter’s tapes were 
then removed, and the surface of the wall-segment was scanned physically using the CMM. 
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Figure 4.7 shows the wall-segment that has been covered with the painter’s tape and the spray 
paint in the binding process. 
 
Figure 4.7 a) Scales formed on the wall-segment at the end of the scaling run, b) Covering the 
sides of the wall-segment with blue coloured painter’s tape, c) Wall-segment coated with 
spray paint, d) Wall-segment coated with spray paint after the removal of the tape. 
4.3.3.2 CMM scan of the wall-segment 
Once the scale was hard enough to withstand the physical touch of the CMM’s probe, the wall-
segment was placed on the machine’s platform for the scan. Figure 4.8 shows the arrangement 
of the wall-segment on the platform of the machine during the scanning process. 
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Figure 4.8 Arrangement of the wall-segment on the CMM's platform during the scan. 
Once the scan was complete, the coordinate values recorded by the machine were transferred 
to Microsoft Excel 2013 spreadsheet for further processing. The coordinate values recorded on 
the plain wall-segment were subtracted from the respective readings obtained from the wall-
segment with the scale. The difference in readings represents the scale thickness at the 
respective locations. The scale thickness values for all 12600 locations were used to generate 
the scale thickness distribution map using Paraview 5.3.0 software.  
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Figure 4.9 Quantitative map of scale thickness and distribution. 
Figure 4.9 shows an example of the scale distribution map of a wall-segment of the tank 
operated under the baffled condition at 400 rpm. Comparison of the scale distribution map 
shown in Figure 4.9 with that shown in Figure 4.6 shows that CMM can obtain the scale 
thickness values throughout the wall-segment. From the scale distribution pattern seen in 
Figure 4.6 and the scale thickness distribution map shown in Figure 4.9, it is clear that the scale 
formation is dominant at the top region of the wall-segment near the liquid surface, and 
insignificant at the tank bottom and in the impeller region. Several experiments were conducted 
at various impeller speeds (N) and times (t) to ensure that the scale distribution profiles 
observed on the wall-segment and those obtained from the CMM scanning agree well. 
The Max, Average, and Sum values shown in Figure 4.9 refer to the highest value of scale 
thickness on the wall-segment, the average scale thickness value based on the total number of 
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readings (12600) on the wall-segment, and the sum of all scale thickness values on the wall-
segment, respectively. These values can be used for comparing the variations in scale thickness 
distribution values for various tank designs and operating conditions. 
4.3.4 Effect of agitation speed 
Impeller speed is one of the major factors that govern the scale growth rate by directly 
influencing the flow behaviour near the tank wall. There are practical limitations in increasing 
the impeller speed in the industry because it leads to increased power consumption and 
consequently increased capital and operating costs. However, the impeller speed is an 
appropriate parameter to vary to study its influence on the scale thickness distribution. To study 
the influence of impeller speed, experiments were carried out at 400, 430 and 460 rpm using 
an experiment duration of 60 minutes. The lowest speed, i.e., 400 rpm, was well above the 
minimum impeller speed required to suspend the solids off the tank bottom (Njs) fully ensuring 
that any Mg(OH)2 crystals formed during the reaction are fully suspended before they are 
deposited on the tank wall. It was anticipated that scale thickness would be very low if the 
impeller speed is increased higher than those mentioned above. Therefore, the impeller speed 
range of 400 to 460 rpm was chosen to the be optimum range for this work. 
Figure 4.10 shows the scale thickness distribution profiles on the surface of a wall-segment 
obtained at three different impeller speeds under baffled condition. The scale thickness 
distribution profiles obtained on the other three wall-segments were found to be similar to the 
one on the wall-segment scanned due to the geometrical and fluid flow symmetries of the 
cylindrical reactor system used. 
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Figure 4.10 Effect of impeller speed on scale thickness distribution under the baffled 
condition: (a) 400 rpm, (b), 430 rpm, and (c) 460 rpm, experiment time = 60 minutes 
Figure 4.10 shows that the extent of scale distribution increases with a decrease in the impeller 
speed. It should be noted that the wall-segment represents the region between two consecutive 
baffles. It can also be seen that, at any given impeller speed, there is no significant scale 
formation in the lower parts of the reactor possibly due to the high liquid velocity present near 
the impeller region. The scale build-up occurs mostly at higher liquid levels, and it is denser 
close to the liquid surface. 
4.3.4.1 Quantitative scale thickness measurements at different impeller speeds 
Figure 4.11 shows the scale thickness distribution results for a wall-segment obtained at three 
impeller speeds. For simplicity and comparison, the results for all three figures are presented 
using the scale thickness range of 0 - 2.89 mm. For all three cases, the scale distribution maps 
obtained using the CMM results agree closely with the scale distribution profiles seen on the 
wall-segment pictures. The effect of agitation speed on scale distribution can be thus observed 
clearly from both CMM and experimental results. At N = 460 rpm, a majority of the scales is 
found at the top region near the liquid surface. As the impeller speed decreases, the scale 
distribution becomes less dense, but it is spread over a larger surface area. The reduction in the 
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level of turbulence with decreasing impeller speed leads to the deposition of scale on the tank 
wall to a larger extent. As the impeller speed increases, the liquid flow velocity near the tank 
wall increases, which lowers the rate of scale deposition due to the increased erosion effect. 
These results are consistent with previous findings. Wu et al. (2012c) proposed a qualitative 
scale-velocity model to explain the ‘flow velocity-scale formation’ relationship. They reported 
that, at a particular liquid velocity range, the deposition of material on the vessel wall and its 
removal due to erosion co-occur as parallel processes, thereby slowing the rate of scale growth. 
Thus, they concluded that stronger erosion caused by a higher flow velocity could be exploited 
as a technique for scale suppression. The pictures shown in Figure 4.11 provide qualitative as 
well as quantitative evidence for the effect of impeller speed on the scale thickness distribution 
found on the inner surface of the mixing tank. An increase in the impeller speed leads to a 
reduction in all of Max, Average, and Sum scale thickness values indicating that a lesser 
amount of scales are deposited on the inner wall at higher impeller speeds. 
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Figure 4.11 Quantitative maps of scale thickness and distribution at various impeller speeds, 
baffled condition. 
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To further analyse the scale profile on the surface of the wall-segment, a term called ‘Average 
Scale Thickness (AST)’ is defined in this work. (AST) Y was determined by calculating the 
average values of scale thickness within a chosen tank height interval (every 10 mm in this 
work). Figure 4.12 presents the (AST) Y values as a function of tank height for an experiment 
carried out at N = 400 rpm. The AST values shown in Figure 4.12 indicate that the operating 
volume of the tank can be divided into two distinct zones called ‘mobile’ and ‘static’ zones. 
The turbulent flow in the mobile zone mitigates the scale formation, whereas the relatively less 
intense turbulent flow at the static zones creates an environment that is more conducive to the 
deposition and growth of scale.  
 
Figure 4.12 (AST) Y values as a function of the tank height, N: 400 rpm, baffled condition. 
The (AST) Y data calculated for three impeller speeds are presented in Figure 4.13. The pattern 
of the (AST) Y data as a function of tank height is similar for all the three impeller speeds. For 
N = 400 rpm, a significant accumulation of scale starts at HT = 110 mm, reaches the maximum 
value of 0.745 at HT = 140 mm and starts decreasing after that. In the case of N = 430 rpm, the 
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(AST) Y value reaches a maximum at HT = 160 mm and starts decreasing after that. A similar 
trend can be observed in the case of N = 460 rpm. These trends imply that the accumulation of 
the scales occurs more towards the liquid surface as the impeller speed increases. The Average 
and the Sum scale thickness values presented in Figure 4.11 indicate that the overall mass of 
scale decreases with increasing impeller speed. However, the results from Figure 4.13 reveal 
that for tank heights greater than HT = 150 mm, the (AST) Y values for N = 430 and 460 rpm 
have exceeded that for N= 400 rpm, implying that the build-up of the scale near the liquid 
surface is higher at higher impeller speeds. 
 
Figure 4.13 (AST) Y values as a function of impeller speed, baffled condition 
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4.3.4.2 Quantitative scale thickness measurements at different experimental durations  
The scale growth experiments were conducted using 30, 45, and 60 minutes to study the effect 
of experimental duration on the scaling behaviour. Figure 4.14 shows the scale distribution 
profile on the surface of a wall-segment as a function of experiment duration under baffled 
condition. The impeller speed was kept constant at 400 rpm for all three experiments. 
  
 
 
Figure 4.14 Effect of experimental duration on scale distribution profile, baffled condition, N 
= 400 rpm 
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According to the results shown in Figure 4.14, the scale becomes denser and covers a larger 
surface area with an increase in experiment time. The scale formation is less dense and 
inconsistent in the impeller region for all three cases. The solution in the reactor was found to 
evaporate rapidly after 60 minutes due to the high temperature (80°C) used in the experiment, 
thereby reducing the liquid operating volume and affecting the scale growth pattern. Thus, it 
was not possible to conduct the scale growth experiment beyond 60 minutes in this work. 
However, the high temperature was one of the critical parameters for the experiment carried 
out in this work because it was the main driving force for the formation of scale and its 
accelerated growth. Therefore, it was decided to maintain the temperature at 80C and limit the 
experiment duration to 60 minutes in the rest of the study. 
The (AST) Y values obtained for three experiment times are shown in Figure 4.15. For any 
given experiment duration, the top region of the tank has a more considerable amount of scale 
compared to the middle and bottom areas. Also, the (AST) Y values increase with an increase 
in the experiment duration, which is consistent with expectations. 
60 
 
 
Figure 4.15 (AST) Y values as a function of experiment duration, baffled condition 
4.4 Single-batch tests 
4.4.1 Introduction 
The results of multi-batch tests shown in Figure 4.4 to Figure 4.15 provide valuable insight 
into the scaling phenomena in the mixing tanks. It can be seen that the multiple layers of scaling 
have contributed and influenced the patterns of scale distribution on the walls of the vessel. It 
was expected that the distribution of scale thickness would be non-uniform in the baffled tank 
because the region behind the baffles would have higher scale thickness due to lower liquid 
velocity there and the region away from the baffles would have lower scale thickness due to 
higher liquid velocity.  
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The scale distribution on the surface of the wall-segment in the ‘multi-batch’ runs was found 
to be very uniform (from Figure 4.6 to Figure 4.11). Although these results were significant 
because they established the reliability of the scale growth technique used in this work, further 
experiments were conducted as ‘single-batch’ runs to study the effect of key operating and 
geometrical parameters like impeller speed, experiment time, and baffle configuration. The 
following section presents the results obtained in the ‘single-batch’ tests. Similar to the ‘multi-
batch’ experiments, 500 ml of 2M sodium carbonate (Na2CO3) solution was added dropwise 
into the Ca(OH)2) solution using a pump under stirred condition. After allowing 15 seconds of 
mixing, ten grams of magnesium chloride (MgCl2) powder was added gradually to the solution 
in the tank under stirred condition. 
4.4.2 Experimental results 
4.4.2.1 Baffled tank 
Figure 4.16 shows the typical pattern of scale grown on the walls of the reactor after 60 mins 
of operation in a single-batch experiment. 
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Figure 4.16 The scale grown on the walls of the baffled mixing tank, N = 400 rpm, 
experiment time: 60 mins. 
It is clear that the scale grown in this experiment is thinner and less spread compared to that 
found in the multi-batch experiment (Figure 4.5). The difference is more noticeable around the 
baffles. For quantitative measurement, the tank was disassembled after each run, and each 
segment was coated separately with spray paint and analysed individually. Figure 4.17 shows 
a wall-segment with a scale before and after coating. Figure 4.18 shows the thickness and 
distribution of the scale grown on all four wall-segments of the reactor. It can be seen that 
lower parts of all four wall-segments, which correspond to the ‘impeller zone’, are almost free 
of scale whereas the upper part of the vessel, closer to the liquid surface, has a significant 
amount of scale. 
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Figure 4.17 (a) A scaled wall-segment before coating (b) after coating, baffled tank, N = 400 
rpm, experiment time: 60 mins. 
 
 
Figure 4.18 The scale grown on the four wall-segments of the reactor after a single-batch 
experiment, baffled tank, N = 400 rpm, experiment time: 60 mins. 
A closer look at the patterns of the scale thickness and distribution on all wall-segments reveals 
two similarities. Based on the location of the impeller and the assumption that scale growth is 
related to the local fluid flow, the surface of wall-segments can be divided approximately into 
two zones namely, 1) zones of ‘high’ fluid velocity and 2) zones of ‘low’ fluid velocity. It 
appears that the strong liquid flow and higher turbulence intensity caused by the rotation of the 
impeller prevented or limited the formation of scale in the impeller region, whereas the low 
fluid flow velocity found at the top region created an environment that was conducive to scale 
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deposition and growth. Furthermore, the scale grown in the stagnant regions close to the liquid 
surface tends to have a stronger presence on the left side of the wall-segment compared to the 
right where patches of scale-free surface are noticeable. To further examine these observations, 
the scale thickness distribution was measured using the CMM. 
4.4.2.1.1 Quantitative measurements 
The scale thickness distributions on all four wall-segments were measured using the CMM. 
Figure 4.19 shows the images of scale thickness distributions for all four wall-segments 
produced using the CMM readings. Among the four wall-segments, segment 3 had the 
maximum value of scale thickness (1.791 mm). Thus, for comparison, the scale thickness 
values in wall-segments 1, 2, and 4 are plotted using the scale thickness range of 0-1.791 mm. 
The images in Figure 4.19 also include values of Max, Average, and Sum scale thickness 
values. 
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Figure 4.19 Scale thickness distributions on four wall-segments of the baffled mixing tank 
after a ‘single-batch’ experiment, N: 400 rpm, experiment time: 60 mins. 
By comparing the pictures shown in Figure 4.19 with the scale patterns shown in Figure 4.18, 
it can be suggested that the CMM was able to map the scale thickness distributions on the wall-
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segments accurately. The scale thickness distributions shown in Figure 4.19 are consistent with 
the patterns observed on the scaled wall-segments (Figure 4.18). The scanned images show 
clearly the absence of scale in the impeller region and the presence of dense scale close to the 
liquid surface. 
To further analyse the scale profile on the tank wall, (AST) Y values as a function of tank height 
for the wall-segment 1 are shown in Figure 4.20. 
 
Figure 4.20 (AST) Y values as a function of liquid height for wall-segment 1, baffled 
condition, N = 400 rpm, experiment time = 60 min. 
The (AST) Y values indicate that the average scale thickness values are relatively low up to a 
liquid height of 60 mm. Up to this height, the strong turbulence generated by the impeller 
mitigates, and in some cases completely prevents the scale formation and growth. Above this 
height, the (AST) Y values increase significantly and reach a maximum value of 0.618 mm at 
the height of 140 mm. Figure 4.21 provides a comparison of the (AST) Y values for all four 
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segments at different heights. For all segments, the highest accumulation of scale is at the top 
regions closer to the liquid surface where the liquid velocity is expected to be lower.  
 
Figure 4.21 (AST) Y values as a function of the tank height for all four segments, baffled 
condition, N = 400 rpm, experiment time = 60 min. 
The scale thickness distribution maps shown in Figure 4.19 suggest that the scale thickness is 
higher on the left side of the wall-segments compared to the right side. To examine this 
phenomenon further, the average AST values, labelled as (AST) X, were calculated for every 
10 mm in the X-direction. Figure 4.22 presents the (AST) X values for the wall-segment 1. 
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Figure 4.22 (AST) X values for wall-segment 1. 
The (AST) X values shown in Figure 4.22 indicate that the average scale thickness between two 
consecutive baffles decreases with an increase in the X value. Similar quantitative analysis was 
carried out also for the other three wall-segments, and their (AST) X values are shown in Figure 
4.23 along with those for the wall-segment 1. In all cases, the scale is the denser at the top left-
hand corner of the wall-segment, which is also the downstream side of the baffle considering 
the clockwise rotation of the impeller. This phenomenon will be investigated further in the next 
section. 
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Figure 4.23 (AST) x values for all four segments, baffled condition, N = 400 rpm, experiment 
time = 60 min. 
Overall, the results presented in Figures 4.19 to 4.23 agree closely with the experimentally 
observed scale growth patterns shown in Figure 4.18, which confirms that the CMM scanning 
provides a quantification of the scale growth on the reactor wall and it is a reliable approach to 
study scale thickness. 
The images shown in Figure 4.19 reveal another important aspect of the scale growth pattern. 
Scale grown on all four wall-segments have exhibited different patterns of growth and 
distribution. Generally, the scale growth is meagre in the impeller region and denser in the 
region closer to the liquid surface. Although this pattern seems to be consistent for all four 
wall-segments, the scale distribution is nevertheless random and chaotic. The CFD simulation 
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results presented in the ‘CFD’ section of this chapter will provide supporting explanations for 
this phenomenon. 
4.4.2.2 Unbaffled configuration 
Figure 4.24 shows the scale growth on the walls of an unbaffled tank after a scale-growth 
experiment. The scale formation at the bottom region of the tank is insignificant, whereas its 
presence in the top part is significant. Also, each wall-segment has a similar scale distribution 
pattern. 
 
Figure 4.24 Scale build-up on the walls of an unbaffled tank, N = 400 rpm, experiment time = 
60 min. 
4.4.2.2.1 Quantitative measurement 
Figure 4.25a provides a close-up view of the scale growth pattern on one of the wall-segments 
of the unbaffled tank for an experiment carried out at an impeller speed of 400 rpm using an 
experiment time of 60 mins. Figure 4.25b presents the 3D map of the scale thickness 
distribution obtained from the physical scan of the wall-segment using the CMM. The 
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resolution of the scan is 1 mm, with 70 readings in the X direction and 180 readings in the Y 
direction with a total of 12600 readings (= 70 × 180). A comparison of Figures 4.25a and 4.25b 
confirms that the CMM scanning provides an acceptable quantitative measure of the scale 
thickness distribution on the walls of the tank. Figure 4.25b shows that the scale formed is 
denser near the liquid surface and sparser in the impeller plane and tank base. This difference, 
which is consistent with the visual observation results (Figure 4.25a), can be attributed to the 
fact that impeller rotation creates a turbulent regime at the tank bottom thereby mitigating the 
formation of scale, while the region closer to the liquid surface provides a more conducive 
environment for the scale to deposit and grow. 
Figure 4.25a shows a patch of scale at the bottom of the tank wall, which does not appear on 
the scale-map shown in Figure 4.25b. When the impeller was stopped at the end of each run, 
the solid particles suspended in the liquid settled to the tank bottom leading to the formation of 
a sedimentation bed. It was not possible to pump the settled solids fully out of the tank because 
the tank was located inside the water bath. As a result, the sediment left some scale residue on 
the tank wall, which could be noticed after the tank was disassembled. These residues were 
removed before the CMM scanning because they did not represent the mechanisms of scale 
formation and growth studied in this work. 
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a     b 
Figure 4.25 The scale formed on a wall-segment of the unbaffled tank: (a) experimental 
observation, (b) scale thickness distribution map generated using results from the cmm scan, 
N = 400 rpm, experiment time = 60 min. 
The Max, Average, and Sum of scale thickness values for the scale map shown in Figure 4.25b 
were determined to be 1.293, 0.123, and 1552.6 mm, respectively. These values were 
calculated after each experiment and used to study the influence of impeller speed and baffles 
on the scale thickness distribution. 
Figure 4.26 shows the (AST) Y values as a function of the tank height for an experiment carried 
out at 400 rpm under unbaffled condition. The location of the impeller is also shown in the 
figure for comparison purposes. 
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Figure 4.26 (AST) Y values as a function of the tank height for the unbaffled tank. 
The (AST) Y values shown in Figure 4.26 indicate that the scale thickness distribution is 
influenced by the magnitude of the liquid flow velocity, especially near the tank wall. As 
explained above, the liquid velocity in the impeller region is expected to be higher due to the 
impeller pumping. However, it is expected to decrease as the liquid flows towards the surface 
and changes its flow direction, thereby losing its momentum. The higher liquid velocity in the 
impeller region is expected to slow down the formation and growth of the scale on the tank 
wall, which explains the smaller (AST) Y values at the bottom half of the tank. In contrast, the 
lower liquid velocity near the liquid surface is expected to lead to the formation of thicker scale, 
thereby resulting in higher (AST) Y values. This observation indicates that liquid flow velocity 
near the tank wall is a critical factor in the rate of formation of scale and its distribution on the 
vessel wall. To better understand the role of liquid flow velocity on scale thickness distribution 
in an unbaffled tank, scale growth experiments were also conducted at 430 and 460 rpm, and 
the (AST) Y results for all three stirrer speeds are shown in Figure 4.27. 
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Figure 4.27 Effect of the impeller speed on (AST) Y values, unbaffled tank. 
The (AST) Y values for all three impeller speeds increase with increasing height up to the liquid 
surface (160 mm). The (AST) Y values for 400 rpm are higher compared to those for the other 
two higher impeller speeds at heights between 30 and 100 mm, whereas those for 460 rpm are 
greater for heights 10, 110, 130, 140 and 160 mm.  At all other heights, the (AST) Y values for 
430 rpm are greater than those for other two impeller speeds. The (AST) Y results indicate that, 
in general, the scale thickness increases at higher axial locations but decreases above the liquid 
surface (160 mm). There is no clear trend in (AST) Y values as a function of the impeller speed 
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probably because the impeller speed difference used in this work (30 rpm) is small. Therefore, 
impeller speeds with larger differences are required to be used in future investigations to study 
the effect of impeller speed on (AST) Y values better. 
4.4.3 Comparison of scale formation under baffled and unbaffled conditions 
The quantitative maps of scale thickness distributions for both baffled and unbaffled conditions 
at 400 rpm are compared in Figure 4.28 . A common scale thickness range of 0-1.8 mm was 
selected to represent the scale thickness distribution for both tank configurations. The scale 
formation pattern on the tank wall was influenced significantly by the presence of baffles 
during the experiment. The scale grown on the wall-segment was uniform and evenly 
distributed for the unbaffled tank while it was non-uniform and mostly in the top left corner of 
the wall-segment for the baffled tank. Considering the clockwise direction of the impeller 
rotation, the accumulation of scale on the left side of the wall can be attributed to the flow 
disturbances caused by the presence of baffles. This disturbance slows down the flow velocity 
and creates a suitable environment for scale deposition and growth. The Max, Average, Sum 
scale thickness values for baffled and unbaffled tanks are listed in Table 4.3. Comparing the 
three scale thickness values for both tank configurations indicate that operating the tank without 
baffles can reduce the amount of scale significantly. 
Table 4.3 Quantitative comparison of scale thickness values for baffled and unbaffled tanks 
 Scale thickness (mm) % reduction in scale thickness 
Baffled condition Unbaffled condition 
Max  1.765 1.293 27 
Average 0.147 0.123 16 
Sum 1854.4 1552.6 16 
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a     b 
Figure 4.28 Quantitative maps of scale growth on the wall-segment of (a) baffled tank (b) 
unbaffled tank, N = 400 rpm, experiment time = 60 min. 
The (AST) Y values under baffled and unbaffled conditions are shown in Figure 4.29 for N of 
400 rpm and experimental time of 60 minutes. The location of the impeller and its rotational 
direction are also shown in the figure for reference. The (AST) Y values were smaller at the 
tank bottom and in the impeller region, and they increased with an increase in the liquid height. 
The highest (AST) Y values of 0.62 and 0.39 mm for baffled and unbaffled configurations, 
respectively were near the liquid surface. This trend is probably because the lower liquid flow 
velocity at the liquid surface created a calmer environment for the precipitates to deposit and 
grow on the wall. The (AST) Y values for the unbaffled configuration were consistently lower 
than those for the baffled configuration except at a few locations. This trend can be attributed 
to a slight rise in the liquid level at the tank wall during mixing under unbaffled condition due 
to the formation of a shallow vortex around the impeller shaft at 400 rpm. The scale was present 
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above 160 mm for the baffled condition also, but the amount was relatively insignificant 
because the depth of vortex formed at 400 rpm under this condition was insignificantly low. 
The influence of baffles on the scale growth and thickness distribution can also be studied by 
plotting (AST) X values, which is the average of scale thickness values over an interval of 10 
mm in the x-direction (circumferential direction). The (AST) X values for the two 
configurations are shown in Figure 4.30 as a function of the fluid height. The (AST) X values 
ranged from 0.1 – 0.19 mm and 0.11-0.13 mm for baffled and unbaffled conditions, 
respectively. The differences in (AST) X values indicate that the overall amount of scale on the 
tank wall under baffled condition was higher than that under unbaffled condition. Under the 
baffled condition, the (AST) X values were greater on the left side of the wall, lacking the 
uniformity found under unbaffled condition.
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Figure 4.29 Effect of baffling configuration on (AST) y values, N = 400 rpm, experiment time = 60 min.
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Figure 4.30 Effect of baffling configuration on (AST) X values, N = 400 rpm, experiment time = 60 min.
40 
mm 
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4.4.4 Scale weight loss 
The scale thickness values presented in the previous sections provide valuable information on 
the scaling behaviour of the tank under baffled and unbaffled conditions. The results suggest 
the amount of scale decreases simply by removing baffles from the tank. These results also 
indicate that the amount of scale is higher on the top left side of the wall-segment if the tank is 
baffled. The patterns of scale growth shown in Figure 4.30 could suggest that the amount of 
scale deposited on the tank wall could be the same under both baffled and unbaffled conditions 
and it was distributed more evenly under the unbaffled condition by the circulating fluid flow. 
This suggestion was checked using the overall weight of scale, which was determined by 
measuring the weights of clean and scale-laden wall-segments using an electronic balance and 
finding the difference between them.  The overall weight of scale deposited on all four wall-
segments measured for baffled and unbaffled conditions are presented in Table 4.4. The weight 
of scale under unbaffled condition is lower than that under the baffled condition for all four 
wall-segments. The total weight of scale on all four wall-segments under unbaffled condition 
is almost 20% lower than that under baffled condition. This finding confirms that both scale 
thickness and weight values under unbaffled condition are lower than those under baffled 
condition.  These results show that operating the mixing tank without baffles certainly leads to 
lower levels of scale formation.  
Table 4.4 Weight of accumulated scale on wall-segments for baffled and unbaffled tanks. 
Condition Segment 1 
(g) 
Segment 2 
(g) 
Segment 3 
(g) 
Segment 4 
(g) 
Total weight on all four 
wall-segments (g) 
Baffled 0.71 0.69 0.78 0.85 3.03 
Unbaffled 0.59 0.61 0.6 0.63 2.42 
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4.5 CFD simulations of fluid flow in agitated vessels 
CFD simulations were conducted to provide a better understanding of how the flow behaviour 
can influence the patterns of scale growth and its distribution on the walls of the mixing tanks. 
The CFD results are included in this thesis to help justifying the experimental findings obtained 
during the tests. 
4.5.1 Influence of macro instabilities on the random deposition of scale on the tank wall 
For further insight into the scaling process, a CFD simulation was carried out for the unsteady, 
time-dependent flow in the tank. For the study, a finite volume mesh was firstly generated to 
represent the geometry of the vessel, including details of the baffles and the A310 impeller. 
The mesh was refined at all walls using inflation layers, and a higher mesh density was used in 
the vicinity of the impeller where velocity gradients are higher. A hybrid mesh was generated, 
containing a total of about 5.6 million nodes. In generating the mesh, the geometry is divided 
into two zones, being an inner cylindrical zone around the impeller, and an outer zone 
encompassing the ‘bulk’ of the tank. To account for the rotating motion of the impeller, the 
Sliding Mesh method was used, where the impeller region is rotated in discrete steps, thus 
accounting for impeller-baffle interaction.  
Simulations were carried out by solving the unsteady Reynolds Averaged Navier Stokes 
(URANS) equations, in conjunction with the k – omega Shear Stress Transport (SST) 
turbulence model. Boundary conditions consisted of a no-slip condition at all walls, except for 
the surface, which was treated as a zero stress (free slip) boundary. The simulation was run 
with a time step corresponding to 10° rotation.  The time required for one impeller rotation can 
be calculated from the impeller rotation speed as follows:  
Time for one rotation =
1
𝑁
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An impeller blade tip will make 360° in one rotation. Therefore, the time required for 10° 
rotation can be calculated as follows: 
Time for 10° rotation =
(1 × 10°)
(360° × 𝑁)
=
1
36𝑁
 
Ten iterations were carried out for each time step, which was sufficient to reduce the scaled 
residuals of all equations below 10-5 at each step. For further details of the modelling method, 
see (Lane, 2017a). 
In the initial stage, the simulation was run for 15 complete rotations of the impeller, to obtain 
results that were independent of initial conditions. Then, the simulation was restarted and run 
for another 20 impeller rotations while calculating transient statistics to estimate the long-term 
average flow field. The fluid flow fields in the mixing tank were predicted using the transient 
CFD simulation mentioned above. The flow pattern in a vertical plane is illustrated by the 
velocity vector plots shown in Figure 4.31. The plot corresponds to a plane located halfway 
between baffles, for two selected time steps. The corresponding time-averaged flow pattern 
(averaged over 20 impeller rotations) is shown in Figure 4.32. 
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(a) 
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(b) 
Figure 4.31 Projected velocity vectors on a plane halfway between baffles, for selected time 
steps: (a) t = 0.4 sec; (b) t = 0.8 sec. 
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Figure 4.32 Projected velocity vectors averaged over 20 complete rotations (in a plane 
halfway between baffles).  
Two distinct zones may be observed in the above plots.  In the lower part of the vessel, the 
flow pattern is dominated by a single recirculation loop with relatively high velocities, with the 
downward flow in the impeller discharge and the upward flow along the sidewall.  In the upper 
zone, the fluid flow follows a more complex flow pattern, with the flow near the wall being 
generally downward, but with considerably lower velocities. This segregation in the flow 
pattern occurs because the upward-flowing jet along the sidewall detaches from the wall under 
conditions of the adverse pressure gradient. As a result of lower fluid velocities in the upper 
zone, the shear stresses on the wall also tend to be lower in the upper part of the vessel, as 
illustrated in Figure 4.33. The regions of lower shear stresses correspond to the regions where 
scale growth is mainly observed. 
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(a) 
 
 
(b) 
Figure 4.33 Shear stress on the sidewall at selected time steps: (a) t = 0.4 seconds; (b) t = 0.8 
seconds (note: logarithmic scale). 
Impeller rotation direction 
Impeller rotation direction 
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The flow pattern was found to be quite unstable, especially in the upper part of the vessel, as 
the flow pattern in any given plane was observed to shift around slowly in a random manner 
during the simulation. The position for flow separation on the sidewall shifts around, and the 
flow tends to be asymmetrical. This can be seen by comparing the two snapshots in time shown 
in Figure 4.31. Also, the time-varying nature of the flow is illustrated by the values at selected 
monitoring points as plotted in Figure 4.34, which display complex non-periodic behaviour. 
The time-averaged flow pattern after 20 impeller revolutions is more symmetrical, as might be 
expected. 
 
Figure 4.34 Values at selected monitoring points during 20 rotations of the impeller showing 
complex transient behaviour. 
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The pattern of scale deposition in the upper part of the vessel may be explained in terms of two 
features which are present in the flow field according to the CFD simulation, being: (1) the 
circumferential variation in the average near-wall velocity or wall shear stress; and (2) the 
presence of transient flow structures with long characteristic time scale, typical of 
macroinstabilities. 
Firstly, for the upward flow along the sidewall in the main recirculation loop, the point at which 
the flow separates from the wall varies circumferentially.  The point of separation tends to be 
lowest at the trailing side of each baffle, leaving room for the formation of a (weak) vortex 
behind each baffle, which provides a larger region with lower velocities, compared to positions 
closer to the leading side of the baffle. These separated zones of weak flow and lower wall 
shear stress provide a better environment for scale to deposit and grow. The variation in the 
flow pattern relative to the baffles is consistent with the observed trends in scale growth pattern 
shown in Figure 4.22 and Figure 4.23, which show a stronger build-up in the top left-hand 
corner of each panel, on the downstream side of each baffle. 
Despite the bias relative to the baffle position, there is also a large degree of apparently random 
variation in the scale growth pattern. This may be explained in terms of the sensitivity of the 
scale growth to time-dependent variations in the fluid flow, rather than a dependence only on 
the time-averaged mean flow. The flow field at one point in time is illustrated in three 
horizontal planes in Figure 4.35. The flow fields show that, despite a bias towards higher 
velocities on the leading side of baffles and the presence of vortices behind the baffles, there is 
also a large degree of asymmetry, which would not be found in the time-averaged flow pattern. 
The time-varying behaviour of the flow pattern observed may be related to the presence of 
macroinstabilities, which are often encountered in baffled stirred vessels and have 
characteristic time scales much longer than the time scales of typical turbulence. The strength 
of such macroinstabilities is expected to be geometry dependent, as they are dependent on the 
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interaction between the impeller and baffles, and in this case, the macroinstabilities may be 
particularly strong due to the large impeller-to-tank diameter ratio (D/T= 0.6). The associated 
transient flow patterns explain the uneven scale growth observed in Figure 4.18 and Figure 
4.19, as the time-averaged flow pattern is only obtained by averaging over a considerable 
length of time. This is demonstrated by the time-averaged vector plot shown in Figure 4.32, 
where the flow pattern is not yet completely symmetrical, despite averaging over 20 impeller 
revolutions. 
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Figure 4.35 Instantaneous velocity magnitude and velocity vectors on horizontal planes (a) 26 
mm, (b) 46 mm  & (c) 66 mm above the horizontal centre line of the impeller at a time of 3.5 
seconds (impeller rotating clockwise). 
In various published studies (e.g. (Roussinova et al., 2003)), the frequency spectrum of the 
macroinstabilities has been analysed, providing a guide to the relevant time scales of such 
structures. For a tank with an A310 impeller (Kilander and Rasmuson, 2005), a strong 
frequency was detected at 0.03N (where N is the impeller rotation frequency). Thus, for 
example, if the impeller speed is 500 rpm, and the dominant frequency is 0.03N, the period of 
the macroinstability may be estimated as about 4 seconds. Thus, the transitional, asymmetric 
flow patterns in the upper zone of the vessel have relatively long-time scales. Incipient 
nucleation on the clean vessel wall may be expected to occur on a much shorter time scale. 
Therefore, since the scale growth may occur preferentially on those parts of the vessel wall 
where transient near-wall velocities are lower, the initial deposition pattern becomes somewhat 
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randomised, reflecting the short-term variations in flow pattern rather than the long-term 
average flow pattern. Then, if the scale formation process proceeds at a faster rate by addition 
to existing crystalline surfaces compared to scale growth at new nucleation sites, then the scale 
pattern will remain somewhat non-uniform.  
4.5.2 CFD simulation to explain the scaling behaviour due to the presence and absence of 
baffles  
Geometries for both the baffled and unbaffled stirred vessels were constructed using ANSYS 
19.0. Both models were geometrically identical except for the presence of baffles. The 
simulated vessel was cylindrical with a diameter of 100 mm and a height of 200 mm. The liquid 
height was 157 mm, and the liquid used was water with a density of 998 kg m-3 and a dynamic 
viscosity of 0.00089 Pa s (Korson et al., 1969). A single-phase model was used, and the top 
liquid free surface was modelled as a flat free-slip surface. In the unbaffled tank experiments, 
a vortex near the liquid surface produced a rise in the liquid level near the walls and a 
depression near the shaft. The magnitude of this surface distortion and the effect on flows in 
the bulk of the tank was not considered sufficient to warrant increasing the model complexity. 
The diameter of the A310 impeller was 60 mm, and its hub centre was 29 mm above the vessel 
base. A stirring speed of 430 rpm was used in the simulation. A hybrid mesh was used to 
represent the flow domain of each vessel with inflection layers at the vessel wall and impeller 
blade. Each mesh consisted of approximately 6.2 million nodes and 21.4 million elements, with 
increased mesh resolution near the impeller. For the conditions modelled, the y+ values on the 
wall and blades ranged from 0.5 to 2.0. 
Impeller rotation was accounted for by using a transient simulation and a sliding mesh approach 
where a section of mesh surrounding the impeller was rotated in 10° increments at each time 
step, and the mesh for the surrounding vessel and the baffles remained stationary. A General 
Grid Interface (GGI) was used to connect the rotating and stationary mesh components. 
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ANSYS/CFX 19.0 was used to solve the unsteady RANS equations using the coupled solver 
and the shear stress transport turbulence model with a curvature correction factor of 1.0 
(Menter, 1994). Second-order backward integration was used to advance the solution in time, 
and the high-resolution differencing scheme was used for convective terms in the equations. 
Further details of the modelling approach used in this work can be read in similar studies 
reported elsewhere (ANSYS, 2017; Lane, 2017b). 
The CFD models were solved in stages. The initial conditions for the transient situation were 
obtained by solving a steady-state model using a frozen rotor approach. This was used to 
initialise the transient simulation with a time step set to give 10° rotation per time step, with 
ten iterations per time step. To eliminate start-up effects, several rotations were modelled until 
consistently repeatable velocities at a number of monitoring points, and the impeller torque 
was obtained. Thirty rotations were performed for the unbaffled vessel while 50 rotations were 
performed for the baffled vessel. After these initial rotations, a further 20 rotations were 
modelled for each vessel and the transient statistics processed to obtain an average flow field. 
To explain the reduction of scale amounts in the absence of baffles using CFD simulation, 
firstly the impeller power number values for the baffled and unbaffled tanks were determined 
from CFD simulation as 0.27 and 0.19, respectively. The velocity and wall shear stress values 
obtained by solving the CFD simulation model are presented for baffled and unbaffled tanks 
in Figures 4.36 to 4.39. Velocity vectors are projected onto a vertical plane aligned to one of 
the impeller blades, and in the baffled tank case they are located midway between the baffles. 
In Figure 4.36, ‘instantaneous’ velocity vectors in the vertical plane are shown for both baffled 
and unbaffled tanks. These plots show strong downward and outward flows from the blade tip 
and several transient vortices through the vessel. For the baffled tank, the flow field shows a 
degree of asymmetry with the large vortex on the left side of the image, reaching higher up in 
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the vessel than the vortex on the right side of the image. This asymmetry is due to the transient 
nature of the flow induced by blades passing the baffles. 
 
Figure 4.36 Predicted projected velocity vectors at an instant in time after 70 rotations for the 
baffled vessel (left) and 50 rotations for the unbaffled vessel (right). 
The ‘time-averaged’ velocity vectors projected on the same vertical planes shown in Figure 
4.37 indicate that time-averaged flow is symmetrical for both baffled and unbaffled conditions. 
In the case of the baffled tank, the impeller-generated strong downward flow gave rise to a 
toroidal vortex in the lower third of the vessel and no significant time-averaged flow in the 
upper part of the vessel. In the unbaffled tank, the downward flow from the blades was 
deflected towards the wall where it was split into two parts, forming lower and upper vortices 
with the upper vortex extending to the liquid surface. While the radial and axial velocity 
components are small compared to the tangential velocity, they are important for vertical 
mixing and suspending particles in multiphase systems. The time-averaged tangential or swirl 
velocity component is plotted in Figure 4.38. It shows that the presence of baffles greatly 
limited the swirl in the vessel with the main rotation present in the lower third of the vessel 
0.4 [m s-1] 
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around the impeller region.  Under the unbaffled condition, a free-force or Rankine vortex 
structure was generated by the impeller around the shaft. 
 
Figure 4.37 Predicted time-averaged projected velocity vectors for the baffled vessel (left) 
and unbaffled vessel (right). 
0.4 [m s-1] 
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Figure 4.38 Predicted time-averaged tangential velocity on a vertical plane for the baffled 
vessel (left) and unbaffled vessel (right). 
The time-averaged distribution of the liquid velocity magnitude at 0.5 mm from the vessel wall 
is plotted in Figure 4.39. The velocity scale range is set based on the maximum liquid velocity 
for the unbaffled vessel. The maximum near-wall velocity for the baffled condition was 0.38  
m s-1, which was twice that in the unbaffled case. However, the high average liquid velocity in 
the baffled tank occurred only in the lower 20% of the vessel and average velocities above the 
mid-liquid height were below 0.02 m s-1. On the other hand, the near-wall velocity for the 
unbaffled tank exceeded 0.1 m s-1 over its entire height. The wall shear stress at the end of each 
simulation is plotted in Figure 4.40, and it shows that the stress distribution pattern was similar 
to that for the near-wall velocity distribution shown in Figure 4.39. Thus, it can be concluded 
that the higher average velocities above the mid-liquid height in the unbaffled case 
prevent/mitigate the deposition and growth of scale on the surface of the vessel, which is 
consistent with the experimental results presented in Figures 4.29 and 4.30. The vertical white 
bar in Figure 4.39 and 4.40 represents the location of the baffle. 
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Figure 4.39 Predicted time-averaged velocity magnitude 0.5 mm inward from the vessel wall 
for the baffled vessel (left) and unbaffled vessel (right). 
 
 
Figure 4.40 Predicted wall shear stress on the vessel wall at an instant in time after 70 
rotations for the baffled vessel (left) and after 50 rotations for the unbaffled vessel (right). 
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Figure 4.41 presents a comparison of the time-averaged velocity distribution at a horizontal 
plane 40 mm below the liquid surface for the baffled and unbaffled modes at 430 rpm. The 
circulating flow in the unbaffled tank has a uniform yet strong near-wall velocity, which can 
be associated with the uniform distribution of scale as shown by the (AST) X values depicted 
in Figure 4.30. In contrast, the fluid flow in the baffled tank has a non-uniform velocity 
distribution due to the presence of baffles, which act as barriers. The low-velocity zones found 
behind the baffles create a suitable environment for the scale growth, which is confirmed by 
the larger (AST) X values on the left side of the wall compared to the right side for the baffled 
tank shown in Figure 4.30. 
 
Figure 4.41 Velocity distribution on horizontal planes 40 mm below the free surface at 430 
rpm for the baffled vessel (left) and un-baffled vessel (right). 
4.6 Conclusion 
A qualitative and quantitative investigation on the formation of scale in mixing tanks was 
carried out in this work. A purpose-built tank was fabricated to facilitate the scale thickness 
measurement in various sections of the tank wall, including that in critical regions such as the 
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impeller zone. A chemical reaction system was employed to form the scales on the tank wall. 
Experiments were carried out using an A310 impeller at different impeller speeds and reaction 
times under baffled and unbaffled conditions. The scale grown on the tank wall was physically 
scanned using a Coordinate Measuring Machine (CMM) for measuring scale thickness at 
several locations. The CMM readings were then used to plot 3-D graphs of scale thickness and 
distribution on the tank walls. 
It was noticed that the overall mass of scale had declined with an increase in the impeller speed. 
At the same time, the results indicate that closer to the liquid surface, the average scale 
thickness at the higher impeller speed becomes larger, implying that the build-up of the scale 
at the near-surface zones becomes denser as the speed increases. It was also observed that 
running the experiments for a longer time leads to the accumulation of the larger amount of 
scale on the wall-segments. 
Under both baffled and unbaffled conditions, the bottom region of the reactor was almost free 
of scale while the top region had a quite noticeable amount of scale. The results also suggested 
that, for a similar impeller speed, removal of baffles can lead to a significant reduction in scale 
thickness on the walls of the mixing tank. Overall, this work established that the proposed 
approach could be successfully applied to quantify and study the scale thickness and 
distribution in mixing tanks. In addition, the results obtained in this work indicate that the scale 
formation and growth in stirred reactors can be influenced by modifying the liquid flow 
patterns within the vessel appropriately. 
The measured values indicate that scale growth mainly occurs in regions above the impeller 
zone, closer to the liquid surface. It was also noticed that the grown scale on the walls was 
uneven and asymmetric. To obtain further insight, CFD modelling was carried out to determine 
the transient and average flow fields in the vessel. The pattern of scale deposition could then 
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be interpreted in terms of the prevailing flow pattern, with scale formation occurring at the 
greatest rate on those parts of the vessel wall where the adjacent near-wall fluid velocities are 
least. The experimental findings also indicated that scale build-up was more dominant in the 
left-hand top corner of each panel, on the downstream side of each baffle. This region 
corresponds to a separated zone of weak flow according to the CFD model, which results in 
the formation of a weak vortex behind each baffle that provides a better environment for scale 
growth. The results from the CFD simulations also indicated that the significant reduction in 
scale growth in the unbaffled tank could be attributed to the increased liquid flow velocity near 
the wall when baffles are removed. 
 
 
 
 
101 
 
5 Industrial application 
5.1 Introduction 
Deposition of excessive gypsum scale in neutralisation circuit is a known problem in the gold 
processing industry. Usually, lime is added to the neutralisation tank (NT) to adjust the pH to 
be close to ~7. When lime is added, it creates a supersaturated environment in the upper tank 
fillet area where slurry velocities are low. This is an area where the scale grows rapidly. 
The scale formation leads to many ongoing problems such as sedimentation build-up at the 
bottom fillet and scale growth on the tank wall. The scale grown on the top section of the tank 
can fall off during the operation and cause severe damage to the impeller. The scale could also 
potentially fall on the maintenance staff because they are often required to enter the tank during 
the cleaning, thereby causing a significant occupational health and safety (OHS) risk.  
Figure 5.1 shows the significance of the scaling problem in one of the mineral processing sites 
in Australia. The scale is visible from the upper walking platform of the tank. It can be seen 
that the scale has developed significantly near the liquid surface. The formation of the scale is 
related to a flow zone with a lower fluid velocity, which is directly controlled by the flow 
patterns generated by the impeller. The standard design for agitated tanks used in the mineral 
processing industry involves the use of vertical baffles and an axial flow impeller (e.g. Lightnin 
A310), which pumps downwards to produce fluid circulation. 
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Figure 5.1 Examples of scale-related problems in a mineral processing site in Australia: (a) 
top-view of scale formation, estimated to be 1500 mm wide, on the wall of a neutralisation 
tank, and (b) side view of the tank. 
Scales grown in the neutralisation tanks are typically a mixture of crystallised and settled 
deposits. They contain the agglomerated and hardened mineral particles bound by the 
neutralisation precipitates (i.e. Fe(OH)3 and CaSO4 (Hasson and Zahavi, 1970)). This type of 
scale can grow on any parts of the tank. It causes serious problems, particularly on the surface 
of the solution due to cementation by drying up and hardening.  
The proposed approach to grow and study scale thickness distribution using magnesium 
hydroxide (Mg(OH)2) as the scale model in the current work had shown promising results. The 
dismantlable tank used in this work provided flexibility to operate the tank under baffled and 
unbaffled conditions, therefore helped to study the influence of tank designs on scaling. Also, 
it was possible in this work to grow the scale in a short amount of time by operating the reactor 
at an elevated temperature. This option is less viable at pilot-scale or larger volume tests 
because there are complexities around operating at elevated temperatures. Thus, it was decided 
to use the methodology proposed in this work to assess the scaling behaviour using industrial 
liquid samples. 
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5.2 Full-scale operation 
In the mineral processing industry mentioned above, six neutralisation tanks are employed in 
series. The neutralisation is achieved by the addition of limestone (CaCO3). The solution flows 
serially from tank to tank via open launders, and the inflow mineral particles and precipitates 
accumulate in all tanks, including the last tank. The first two tanks are used for precipitating 
iron arsenic ions such as Fe(OH)3 and CaSO4, and the last four tanks are used for adjusting pH. 
The different reactions that occur in each tank may lead to different scaling behaviour. Because 
the overflow from each tank is transported to the next tank in series through open launders 
located at the top of the tank, the scaling problem is likely to get worse close to the liquid 
surface in each tank. 
5.3 Types of scale formation 
The scale formation in neutralisation tanks could be due to two different mechanisms. The first 
one involves the formation of neutralisation precipitates with strong flocculating and binding 
nature, which produces not only their own crystallised scale but also accelerates the process of 
scale deposition on the tank wall. The second one involves the entrapment of mineral particles 
within the products of neutralisation reaction (i.e. Fe(OH)3 and CaSO4) thereby leading to the 
growth of crystal scale or leading to the formation of agglomerates by their binding force. The 
scaling problem seems to be more severe in the first two tanks due to the iron compounds 
(Fe(OH)3 and FeAsO4) found in precipitates. 
5.4 Solution/recommendation 
A potential solution to this scaling problem is the Swirl Flow Technology (SFT) developed by 
CSIRO, Australia. This technology employs a short-shaft radial flow impeller to create a 
swirling flow throughout the mixing tank. The hypothesis was that the tornado-like flow 
generated by this design (Figure 5.2) would counter the formation of the scale as it produces 
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higher near-wall flow velocity compared to the existing design of neutralisation tanks involving 
an axial-flow impeller. The SFT creates more erosion effect on the walls as there are no baffles 
in this design. The SFT also produces stronger shear stress and instability, particularly around 
the top liquid surface, which can potentially mitigate the formation of scale on the top surface 
of the vessel. More details on this technology can be found elsewhere (Wu et al., 2012b; Wu 
et al., 2010; Wu et al., 2018; Wu et al., 2016).  
The scale formation approach proposed in this thesis was employed to examine whether SFT 
can be successfully used to mitigate the scale formation on the walls of the mixing vessel. 
 
 
Figure 5.2 Swirl Flow agitation concept  (a) schematic presentation, and (b) visualisation of 
tornado-like swirl flow using beads in a laboratory-scale mixing tank (Wu et al., 2012b). 
5.5 Test Sample 
The liquid phase used in the experiments was the overflow liquor (Counter Current Decantation 
or CCD overflow liquor) from the neutralisation tanks from the mineral processing industry. 
The liquor contained mainly the solubilised parts of the bio-oxidation (BIOX) products such 
as ionic forms of iron, arsenic and sulphur. In addition to the CCD liquor, limestone was also 
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used in the experiments to generate the scale. Although the overflow liquor from industrial 
neutralisation vessels contains fine mineral particles, the liquor used in experiments in this 
study was a clear solution without any mineral particles thereby avoiding the erosion and 
entrapment effects of solids on the scale formed. Thus, the study is limited to the scale 
formation in a single-phase system, which is similar to the model system used in experiments 
discussed in Chapter 4. 
5.6 Experimental setup and procedure 
The pH of the limestone and the liquor sample used in the experiments were measured to be 7 
and 1.5, respectively. Sufficient amount of limestone was added to the liquor to achieve an 
average pH of 5.8 for the liquor. The pH of 5.7 was also suggested by the industry client to be 
an acceptable value for the safe disposal of liquor. 
In the first part of the experiment, the solution was neutralised in a 500 mL beaker to determine 
the optimum limestone-liquor mixture volume ratio. The optimum volume ratio for the 
neutralisation reaction was found to be 5:1 by carrying out several experiments by trial and 
error. During the reaction, 60 mL of limestone was added to 300 ml of the liquor under stirred 
condition.  
All experiments were carried out in the 1.5 L stainless steel dismantleable tank. A lid was 
placed at the top of the tank to prevent splashing of the liquor, especially under the unbaffled 
condition (Figure 5.3). The cover had a hole at the centre to accommodate the impeller shaft. 
The cover also had two additional holes to feed the chemicals during the experiment. Figure 
5.4 shows the side view of the tank equipped with a Swirl Flow (SF) impeller. 
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Figure 5.3 Tank built with a lid for conducting scaling experiment with the industrial 
chemicals (a) side view, and (b) top view. 
 
Figure 5.4 Side view of the tank equipped with the lid and swirl flow impeller. 
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Two types of experiments were carried out in this study using the chemicals supplied by the 
industry client. In the first case, the experimental set-up shown in Figure 5.5 was used. It 
involves the baffled tank agitated by A310 impeller located 52 mm above the tank bottom. 
Since the equipment used in this case is similar to the setup used in the scaling experiments 
discussed in chapter 4, this study is called ‘base case’. Also, due to the presence of the lid, the 
liquid height in both configurations is set at 150 mm, which is 10 mm lower compared to the 
arrangements shown in Chapter 4. 
 
Figure 5.5 Schematic drawing of the equipment used in the ‘base case’. 
In the second case, experiments were carried out in an unbaffled tank using swirl flow (SF) 
impeller located closer to the liquid surface, i.e., 138 mm from the tank bottom as shown in 
Figure 5.7. Figure 5.6 shows the SF impeller built from stainless steel, specifically for this 
study. Table 5.1 shows the dimensions of the set-up used in the base case and the SFT case.  
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Figure 5.6 Swirl flow impeller built for the scaling test. 
 
Figure 5.7 Schematic drawing of the swirl flow technology (SFT) design. 
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Table 5.1 Dimensions of the experimental set-up for the base case and SFT case 
Parameter Base case SFT case 
Liquid depth 150 mm 150 mm 
Tank diameter 100 mm 100 mm 
Impeller clearance 52 mm 138 mm 
Impeller diameter A312 65 mm 65 mm 
Impellers speed 350 rpm 350 rpm 
Number of baffles 4 0 
 
The scaling experiment was carried out using 800 mL of liquor in the mixing tank, which was 
placed in a water bath operating at 60°C. Due to the hazardous nature of the samples, 
experiments were carried out at 60°C, not at 80°C. The impeller speed used during the reaction 
was 350 rpm. At the start of the experiment, 160 mL of limestone was gradually added into the 
tank at a rate of 14 mL/s under stirred condition, making the total active volume 960 mL. After 
adding the limestone, the reaction was continued for 60 minutes under constant stirred 
condition. 
5.7 Results 
Once the experiment was completed, the reaction mixture was pumped out of the tank, and the 
profile of the scale grown on the tank wall was studied. Figure 5.8 shows the last phase of the 
experiment when the mixture was pumped out. 
110 
 
 
Figure 5.8 The final phase of the industrial scaling test. 
The following observations were made during the experiment: 
• The pH of the reaction mixture was 5.6 after the addition of limestone, but it increased 
to 6.8 after 60 mins of mixing. 
• Contrary to the model scale (magnesium hydroxide) used in experiments discussed in 
chapter 4, the scale grown from the reaction mixture of industrial liquor and limestone 
was firmly attached to the tank wall, and therefore it was extremely difficult to clean 
the tank wall after the scaling experiment. Therefore, strong hydrochloric acid solution 
was used to remove the scale from the tank wall and the impeller. 
In each case of this study, multi-batch experiments involving three batches each lasting 60 
minutes were carried out as described in Section 3.3 of Chapter 3. At the end of the multi-batch 
experiment, the tank was removed from the water bath for scale analysis. Figure 5.9 shows the 
scale grown on the tank wall used in the base case experiment involving A310 impeller before 
the tank was dismantled. It is evident that the scale is thick and uniformly distributed between 
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the baffle, which can be attributed to the multi-batch nature of the experiment, as explained in 
Chapter 4. 
 
Figure 5.9 Scale grown on the tank walls for the base case involving A310 impeller. 
Observations from two more experimental runs were found to be consistent with that of the 
first run. The scale grown seen in Figure 5.9 indicates that the methodology developed in this 
work can be successfully used to simulate the process of scale growth that occurs in full-scale 
neutralisation tanks used in the mineral processing industry. 
Figure 5.10 shows the scale grown on the walls of the mixing tank equipped with SFT. A 
comparison of the scale formation shown in Figure 5.9 and Figure 5.10 shows that SFT 
operating under unbaffled conditions leads to a significantly lower amount of scale compared 
to A310 operating under baffled condition. It is also clear that the circulating flow generated 
by the SFT impeller near the liquid surface was able to minimise the amount of scale formed 
on the tank wall by washing off the crystals deposited on the wall. 
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Figure 5.10 Scale grown on the tank wall for the SFT case. 
Figure 5.11 shows the scale grown on the impeller and the impeller shaft for both cases. It can 
be seen that the A310 impeller is fully covered in scale, whereas the tip of the blades of the SF 
impeller is clear from any scale. This observation further suggests that the SFT impeller is 
better in scale mitigation compared to A310.   
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Figure 5.11 Scale on the impellers: A310 (left), and SFT (right). 
5.7.1 Quantitative comparison 
CMM scanning was conducted on both walls to provide a quantitative comparison between the 
two cases in terms of scale growth. It was noticed that the scale grown on the surface of the 
wall was very hard. Thus, no spray paint coating was required for both cases. Figure 5.12 
provides a side-by-side comparison of the scaling behaviour between the two designs. 
 
 
Figure 5.12 Quantitative maps of scale growth on the wall-segment for cases involving A310 
impeller (base case) and SFT impeller, N = 350 rpm, experiment time = 60 min. 
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It can be seen that the SFT impeller leads to significantly lower scale thickness values 
compared to the A310 impeller. Two major improvements can be observed due to the use of 
the SFT impeller. The scale grown on the inner wall of the tank involving the SFT impeller is 
much thinner compared to that in the base case. The values of Max, Average and Sum scale 
thickness for the two cases confirm the observation. Also, the size of the ‘scale area’ is lower 
for the case of the SFT impeller. While both impeller designs lead to significant scale growth 
near the liquid surface, the values of Max, Average, and Sum scale thickness are lower in the 
case of the SFT impeller which involves no baffles and larger impeller clearance from the tank 
bottom (138 mm compared to 52 mm in the case of A310 impeller). Further scale thickness 
analysis was conducted using AST calculations to obtain a better comparison of the 
performance of the two impellers. 
Figure 5.13 shows the (AST) Y values for the cases of A310 impeller and SFT impeller as a 
function of the tank height. In both cases, the bottom region of the walls has no scale, whereas 
the top region closer to the liquid surface has significantly larger amount of scale. At any given 
tank height, the SFT impeller has led to lower (AST) Y values compared to the A310 impeller, 
which suggests that the scale formation can be mitigated significantly using the SFT design. 
Also, the scale thickness values for A310 impeller are higher from 90 to 150 mm from the tank 
bottom whereas the ones for SFT impeller are higher from 110 to 150 mm from the tank bottom. 
These results indicate that the SFT impeller can offer a better scale-mitigation performance 
compared to the A310 impeller which can be attributed to the generation of the tornado-like 
flow by the SFT impeller which produces higher near-wall flow velocity. These results also 
show that using a shorter impeller shaft and locating the impeller closer to the liquid surface 
can contribute significantly to the mitigation of scale growth. It is also interesting to notice that 
the liquid height does not exceed 150 mm in both cases. This can be due to the presence of the 
lid at the top of the tank as shown in Figure 5.3.
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Figure 5.13 Comparison of (AST) Y values for A310 and SFT impellers. 
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Figure 5.14 Comparison of (AST) X values for for A310 and SFT impellers .
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The (AST) X values for the A310 and SFT impellers are compared in Figure 5.14. These results 
also indicate that the scale thickness values near the liquid surface are relatively lower for the 
case of the SFT impeller.  While the (AST) X values for the SFT impeller vary from  0.09 to 
0.11 mm, those for the A310 impeller vary from 0.23 to 0.26 mm, thereby showing two-fold 
increase in the scale thickness. Thus, the (AST) X results are in line with the (AST) Y results, 
thereby indicating that the increased near-wall flow velocity due to the SFT impeller in the 
absence of baffles can significantly mitigate the growth of scale on the tank walls. These 
observations also agree with the results obtained using the Mg(OH)2 scale discussed in Chapter 
4.  
5.8 Full-scale installation for scale minimisation 
The SFT impeller was used in one of the neutralisation tanks in a mineral processing plant in 
Victoria, Australia and its performance was monitored by the client continuously. After a few 
months of operation, the SFT was found to lead to lower scaling amount compared to that 
produced by a conventional design involving an axial flow impeller under baffled condition. 
Figure 5.15 shows the scale grown on the wall of the full-scale tank operated with the SFT 
impeller after 4 to 5 months of operation. Compared to the extent of scale observed on the 
neutralisation tank equipped with an axial impeller (Figure 5.1), the amount of scale shown in 
Figure 5.15 is significantly lower. According to the clients, the use of the SFT impeller has 
reduced the scale formation rate by up to 80% due to the generation of higher and more uniform 
wall velocities. This observation provides further validation to the reliability of the scale 
formation and quantification approach used in this work for providing solutions to mitigate the 
scale growth in full-scale industrial mixing vessels.  
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Figure 5.15 Scale grown on the walls of a neutralisation tank in a mineral processing plant 
after 4-5 months of operation with SFT. 
5.9 Conclusions 
The scale growth approach used in this work was extended to investigate the scale growth 
phenomena in two different mixing tank designs using CCD overflow liquor and limestone that 
are used in the neutralisation tanks of a mineral processing plant. One of the experiments was 
conducted using a fully baffled tank equipped with an A310 impeller located closer to the tank 
bottom, an arrangement that mirrored the full-scale vessel used in the plant. The other 
experiment was carried out using a swirl flow technology (SFT) impeller located closer to the 
liquid surface under unbaffled condition. The scale grown on the inner walls of the tank 
equipped with SFT impeller was significantly less dense compared to that found on the tank 
operated with A310. 
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Quantitative analysis of the scale thickness distribution was conducted using the CMM. The 
3D distribution maps showed a clear reduction in the scaling amount when the SFT impeller 
was used. The visual observations were supported by the numerical (AST) Y and (AST) X 
values, which indicated the scale formation on the walls of the mixing tank could be drastically 
reduced by selecting proper impeller and design to operate the vessel.  
Based on the results of the laboratory study, an SFT impeller was installed in one of the full-
scale neutralisation tanks in the plant and operated for 5 to 6 months. The tank equipped with 
the SFT impeller was found to have a significantly lower amount of scale compared to what 
was observed in the same tank previously when an axial flow impeller was used. The 
experimental results from the scale model tests discussed in Chapter 4 and those obtained using 
chemicals used in full-scale vessels suggest that increasing the near-wall flow velocity using 
techniques such as removing baffles is an efficient approach to mitigate scale formation on the 
walls of the mixing tanks.  
The results of this investigation have validated the reliability of the proposed technique for 
industrial applications. The results produced in the laboratory tests correctly predicted the 
reduction in scale growth by implementing a suitable design in the mixing vessels. This 
successful collaboration with a mineral processing company has proven that the output of the 
current research can be used with confidence to develop suitable solutions to the scaling 
problems in various industries. 
 
120 
 
6 Conclusions and recommendations 
6.1 Conclusions 
A novel approach has been proposed to study the scale thickness distribution in a mixing tank 
agitated by an A310 impeller. A purpose-built tank that could be disassembled into nine 
separate segments including a base, four walls, and four baffles, or four blanking pieces, has 
been shown to provide unrestricted access to the scales grown on the inner wall of the rector 
thereby allowing scale thickness measurement in critical regions such as the impeller zone. A 
coordinate measuring machine (CMM) was used to scan the surface of the wall-segments with 
scale. The CMM readings, when presented as three-dimensional plots of scale thickness 
distribution, allow a quantitative comparison of scale thickness values obtained using different 
operating and geometric conditions. 
The scale thickness distribution plots indicate that the scale growth occurs mainly in regions 
above the impeller zone, closer to the liquid surface. The overall mass of scale decreased with 
an increase in the impeller speed. At the same time, the average scale thickness closer to the 
liquid surface increased with an increase in the impeller speed, implying that the scale build-
up near-surface increased as the impeller speed increased. An increase in the experiment time 
led to an increase in the amount of scale formed on the tank wall.  
The scale grown on the tank wall was found to be uneven and asymmetric under baffled 
condition. Also, the scale thickness was higher in the top left side of each wall-segment on the 
downstream side of the baffle.  CFD modelling results were used to understand the fluid flow 
phenomena responsible for the lack of symmetry in scale thickness results. CFD modelling 
predicted both the transient and average flow fields in the vessel. The prevailing flow patterns 
predicted by the CFD modelling helped to interpret the scale growth pattern on different parts 
of the inner tank wall. The scale was denser in locations where the near-wall flow velocity was 
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lower. CFD modelling predictions also showed the formation of weak vortices behind each 
baffle (downstream side of the baffle) due to flow separation thereby providing a conducive 
environment for scale growth. 
The non-uniform pattern of scale growth can be explained in terms of time-dependent 
macroinstabilities predicted by CFD models. Due to macroinstabilities, the instantaneous flow 
pattern in the upper part of the vessel is asymmetrical and chaotic, which causes the initial scale 
deposition pattern to become somewhat randomised. The scale formation process continues 
after that due to addition to the existing crystalline surface, thereby leading to the formation of 
scale with non-uniform patterns. 
The scale thickness was lower in the unbaffled tank compared to the baffled tank.  This finding 
can be attributed to the increased tangential liquid flow velocity near the tank wall under the 
unbaffled condition, which was also predicted by the CFD model. 
The proposed scale growth approach was then employed to study the patterns of scale growth 
using chemicals obtained from a mineral processing plant using two different tank designs. 
One of them involved an A310 impeller in a baffled tank, and the other involved a swirl flow 
turbine (SWT) impeller in an unbaffled tank. The SWT impeller led to a lower amount of scale 
formation under similar operating conditions. Based on the results of the laboratory study, a 
full-scale neutralisation tank in the mineral processing plant was retrofitted with an SWT 
impeller under unbaffled condition. The new design was found to lead to the generation of 
relatively lower amount of scale after 5 to 6 months of operation. The successful application 
of the approach developed in this work to grow and study scale formation in a mineral 
processing site in Australia validates the reliability of this technique for industrial applications. 
Overall, the present work established that the proposed approach could be successfully applied 
to quantify and study the scale thickness and distribution in single-phase mixing tanks. 
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6.2 Recommendations for future studies 
A substantial amount of time and resources was invested in developing and proposing a reliable 
method to grow and quantify the scale formation in mixing tanks. The technique has been used 
only for single-phase systems in the present work. The following recommendations are made 
for future studies: 
6.2.1 Multiple-impellers 
Including multiple impellers on the impeller shaft can influence the thickness of scale, 
particularly on the top region closer to the liquid surface. Thus, it would be useful to study the 
patterns of scale growth in a tall mixing tank equipped with multiple impellers. 
6.2.2 Solid-liquid system 
The solids suspended in a solid-liquid mixing tank create erosion effects at the tank wall. The 
solids can either lead to the growth of scale or erosion of scale on the tank wall. Thus, it is 
recommended to study the scale growth in a solid-liquid system to investigate the influence of 
solids on the patterns of scale deposition and growth. 
6.2.3 Three-phase system 
Sparging of gas into a solid-liquid agitated system would dramatically affect the 
hydrodynamics.  Thus, it would be interesting to investigate the influences of gas and solids on 
scale formation and growth. 
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